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ABSTRACT

This document describes the digital computer program that has been developed to study
the guidance and navigation requirements for interplanetary missions. The presen-
tation contains the structure of the mathematical model, a computer program description,
and a user's guide. The program description is composed primarily of a hierarchical
structure of flow charts with concomitant explanatory remarks. The mathematical

model equations which are programmed into the computer are stated within the lowest-
level flow charts. The flow charts are designed to provide insight into the program
operations at several levels of logical and computational complexity. The program is
coded in Fortran IV and a listing of the program is given in the Appendix.

vii
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1.0 INTRODUCTION AND SUMMARY

This document describes the structure of a digital computer simulation program for
the performance assessment of midcourse guidance systems. The program can be
used to study and assess the performance of space guidance systems during free-fall
phases of interplanetary missions. Program 284 is organized in such a manner that
a desired system configuration involving different combinations of aiding instruments
can be easily simulated. Thus, comparative studies using ground based and/or on-
board aiding instruments, as well as different sensor accuracies, can be performed.

The aiding instruments presently programmed in 284 are: three ground trackers
capable of simulating the measurement of range, range rate, azimuth and elevation
angles; a horizon sensor capable of simulating the on-board measurement of the sub-
tended angle and the two local vertical angles; a planet tracker, i.e., a horizon sen-
sor capable of operating in a planet tracker mode; and a space sextant capable of
simulating the measurement of a planet's limb-to-star angle or the planet's center-
to-star angle. The space sextant has the capability of using different star selection
options including realistic stars selected from a star catalog in an "optimum?" fashion.

The functional organization of the program is in a block structure. Therefore, addi-
tional aiding instruments could very easily be incorporated in the program if it is
desired.

Linear guidance laws that incorporate different end constraints with fixed and variable
time of arrival can be simulated in this program. Five different guidance laws are
available. They cover the possibility to control the terminal position vector or termi-
nal altitude and velocity direction (for bothfixed and variable time ofarrival), as wellas
the possibility to control altitude, flight path angle and trajectory plane for variable
time of arrival.

The general performance assessment problem for space guidance systems is delineated.
in Volume I. In Paragraph 2.0 of this volume, supplemental information for the
mathematical model and system configuration are described.

Paragraph 3.0 contains the detailed computer program description. This description
is composed primarily of a hierarchial structure of flow charts, explanatory remarks
and necessary equations. The flow charts are designed to provide insight into the
program operations at several levels of logical and computational complexity. The
"highest" level chart, designated as Level I, depicts the overall structure of the pro-
gram. Each block appearing in this chart is then described by a lower-level chart,
designated as Level II. This policy is repeated in every level until no further logic
remains to be described. The equations which are programmed into the computer are
normally stated in the lowest-level flow charts.
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Paragraph 4.0 contains a description of the user's guide. In the user's guide the
specific capabilities and options contained in the program are described. A set of
input sheets are given and their use outlined. Illustrative examples using the various
program options are also included.

Paragraph 5.0 contains an operator's guide. In this paragraph the machine configura-
tion, tape assignments, deck arrangements and error exits are described.

Paragraph 6.0 contains a programmer's guide which indicates the correspondence
between subroutines and sub-blocks defined in Paragraph 3.0, and which provides
additional programming information for those sections of the program not adequately
defined in Paragraph 3.0. Particular attention is given to those sections of the program
which are of a control nature.
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2.0 MATHEMATICAL MODEL

In this paragraph the basic equations necessary to specify the functions and assess the
performance of a space guidance systcm during free~fall phases of interplanetary
missions are presented. The assumptions upon which the equations are based are
stated and justified in Volume I.

The free-fall phases include planetary departure and planetary approach phases,
transfer between planets.and planetocentric free-fall orbits. A free-fall phase is
defined as the part of the mission in which the position and velocity of the space
vehicle is affected by gravitational forces only. That means the mathematical model
does not describe the performance during a trajectory change maneuver as dictated by
the nominal trajectory design. It does, however, include the effect of midcourse
corrections upon the performance of the system.

2.1 TRAJECTORY

2.1.1 Nominai Tféjectorjr

There are two conceptually different methods to determine the nominal free-fall
trajectory of an interplanetary mission. The first method uses the "exact" dynamical
equations; i. e., the influence of all heavenly bodies upon the space vehicle are taken
into account at each time during the entire mission. In this case, no "closed-form"
analytical solutions exist and the analyst has to rely solely upon numerical integra-
tion. The second method is an approximate one. It utilizes the fact that the vehicle's
motion in different portions of free-fall is essentially determined by the gravitational
attraction of a single central body. That means the motion can be described by dif-
ferent two-body orbits in different portions of the flight, namely, heliocentric ellipses
determined by the initial conditions and the sun in the transfer phase, and planetocen-
tric ellipses or hyperbolas during planet approach, planet departure phase, and peri-
odic orbits around a planet. If the different two-body orbits are appropriately
"matched, " the resulting orbit constitutes.as experience has shown,an excellent
approximation to the precise orbit. This method is employed here in the mathematical
model. Since the differential equations for the two-body problem can be solved in
closed form, nominal position and velocity at a desired time are obtained from
explicit analytical expressions rather than by numerical integration. The steps
involved are the following:

a. At the beginning of the m-th conic,position and velocity are obtained in an
equatorial coordinate system. They are defined by the symbols



2-2

AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %\)

X55) X5 (o)

ree™ T 1 | wed P | med
m

X5, X )

The corresponding angular momentum
m m

* * *
Rt = RAE)) x VEE )

is computed.

From the vis-viva m
* . Yx
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R* (t:)n) o4

a*t™) =

is computed, where My is the gravitational constant of the bodyﬂ. The sign
of this quantity defines the character of the orbit. For closed orbits a* (t:)n)
is positive; for hyperbolic orbit, it becomes negative.

Unit vectors ({1, {2, {3) in the direction of R* ( we drop tf)n in the following
equations for the sake of brevity) h* and h* x R* define the local coordinate
system and the orientation of the orbital plane at t:)n; i.e.,

R* R* x v*
G7 % £75%8) SR x v

A second, right-handed, planet-centered, orbital in-plane coordinate system
(€1, E2, E3) is defined such that E; points along the pericentron and Eg is
perpendicular to the trajectory plane; i.e.,

5T g,

The transformation between the (51, 22, 53) and the (Xl’ X2,X3) coordinates at
t= tf{n is given by

X E

1 % m 1

= [{{ * £

X2 (to) 9
X m EZU m
3 tk 3 tk




al

AC ELECTRONICS DIVISION GENERAL MOTDORS CORPORATION Q[/Agf

where )
cos vV sin v 0
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% (to ) (*C‘l 52 _23)t(r)n sin v cosv 0
0 0 i m

= X

1950 i

Figure 2. Definition of Coordinate Systems

e. In this orbital plane, the trajectory is specified in the case of an
elliptical orbit in the following way:

a* > 0= elliptic case
The semi-major axis is given by

q =

R I

2-3
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The eccentricity is given by 9
e = {(1 B-)2+~——[§.y] /2
- ( a uz -a
The eccentric anomaly can be expressed in terms of the previously defined

dquantities as

cos_1 é [1- TRa ]
E =
-1 1 RV
sin "e' = “-1/2
D‘l ]
The mean motion
ke
n = 3
a

The true anomaly is given by

cos\)_cosE—e
l-ecos E

A/l-e2 sin E

sin v =
l1-ecosE

Time of perifocal passage is given by

1 .
T—nLE-—esmE]
The equations for the hyperbolic orbits are very similar. and will not be

stated here.

f. For each time point, Kepler's equation

nT = E~esin E

is solved and the in-plane position and velocities are computed relative
to a coordinate system with the (_-axis pointing towards pericenter

acocording to the equations.

2-4
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C1(h) = a(t>) [cos Et,) - e(t])]

(o) = a(t:’) Ni1- ez(t:’) sin E(t.:])
-sin E(t:(n) |
1- e(t:‘) cos E(t.:“)

. cos E(t:])
Cot™) = at™) nt™) Vl-ez(t'ﬁ [ . ]
2 tk ° . ° ° 1= e(t:n) cos E(t:)

'Cl(t:ﬁ - a(t:5 n(t:‘) [

For the case hyperbolic orbits, see page 3-106 of this part.

g. Since the guidance and navigation analysis is done in an equatorial coordinate
system, the nominal position R* (tf{n) and velocity V* (tf(n) are obtained from
the in-plane

SUUICANLEN NN

.coordinates by the transformation &*(tf)n).

This completes the description of the equations used in the determination of the nominal
orbits.

2.1.2 State Transition Matrices

The equation of motion during free-fall has the general form

x = £
and the linear perturbation equation is simply
x = F) x
where
f 5 v
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2
and V is the potential of the central body, i.e., V=u/R, R = [X] + Xg + Xg ] 1/2-

The solution of the perturbation equation yields the so-called state transition matrix
é(t,to) so that

xt) = ¥ty x(t)

As was stated in Volume I, the state transition matrix can be solved for in closed form
without it being necessary to evaluate the F(t) matrix. As in the nominal case, the
basic calculations are performed here too in an in-plane coordinate system. In this
system, the state transition for a specific conic section is computed from the eccentric
anomaly and the eccentricity of the orbit.

To illustrate the computational procedure, let us suppose that we have only a single
conic section and it is desired to obtain the state transition between two time points

ty-1 and t,. First, the state transition from the pericenter of the conic to the

Ti—1 (corresponding to tj ) time is computed using the eccentricity e and corresponding
eccentric anomaly E_q, i.e., ¢(T_1,0). Next ¢(Ty,0) is computed. From these two
matrices, the ¢(Ty, T)_;) matrix is computed as follows:

(T b)) = (0 & (T, _1,0)

where ¢-1('rk_1,0) is obtained through transposition of the elements of the ¢, i. e.,
if
¢ %
¢3 ¥y
then
T T
1 ¢ ¢
¢ (Tk 190) = ¢(0’ Tk—].) = T T
¢ 9

The state transition matrix in the basic non-rotating coordinate system is then given by

T
St ) = )6, T ) )

where the ,g*(to) is as defined in Paragraph 2.1.1.

2-6




AC ELECTRONICS DIVISION  GENERAL MOTORS CORPORATION %':E}

In the program, it is also sometimes desirable to compute the total state transition
accross several two body conic sections. This is simply accomplished by multiplying
appropriately the individual state transition matrices. For example, suppose we have

R P Tl T —— -

three conics sections, see figure below,

Conic #2 |

and it is desirable to obtain §(t As t(')). The overall state transition is computed
thusly,

1 3 3 2 2
. N o= ) ‘
Bty t) = Bty 1) B, t) 82, )

where

-

2 -1
iy, ) = 4 41 0 ¢, 0) 7))

The equations for the in-plane coordinate system state transition ¢ have the following
structure.

2-7
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where the submatrices have the form

ITRRTR [_§14 15 O]
1ty O By =% Yy O
L0 0 Lo o e |
(841 %y O] e Y5 O]
1 % O % 7| %4 Y5 O
0 0 a 0 0 5|

Let the eccentric anomaly at tk be Ek and let the eccentricity and mean

angular rate be e and n. Define Sk and Ck as

8in Ek = Sk ; COS Ek = Ck

Then, the elements of the submatrices are

Qll = 2 1 [Ci(l+e—e2) + Ck(2+e+2e2-e3)
(1-e) (1-e Ck)
2
-2-5e+2e + 3EkSk]
/ 2"
3. = 1-e S (1-C,)
12 (1-e)(1-e Ck) k k
1- e2
@21 = 5 [Ska(1+e) + Sk(z-e) - 3Ekck]
(1-e) (1-e Ck)

2-8
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+C, (-1-2e+e%) + 1]
(-e)(i-e C) [Cy + C(F1-2eteT) + 1
(1-e)
1-e _
-—(—)—n(l_e C7 S [-C (1+e) + 2]

2
(i-en(i-s O [C(2-€) + 2C, (1+e) - 4 - e + 3E, S, ]

f 2
l-e [1-C 2

n(l-e Ck) k]

1 S C (2+ete’) + 25, - 3(1+e)E. C
n(l-e C ) [5,Cp(2rere) + 28, - 3(l+e)E, C, ]
Sk(l-e)

n

n

> 3 [Skaz(e+e2-e3) +Ska(—2-5e+2e2)
(1-¢)"(1-e C))
2 3
+ + - -
5, (1te+3e"-e%) + 3E (C -€)]

2
gjl-e 3 2
[eCk-ZCk+C +1-e]

(1-e)(1-e Ck)3 k

o
g/l -€ 3 2 2

[-C, (ete ) + C (2+5e) - C. (1+e)
(l-e)z(l—e Ck)3 k k k

2
-1-3e+e +3E]S]

nSk

(1-e)(1-e Ck)

-2C] +1+e-e)

[e C
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L
63 (l-e)(1-e C,)
3, = —22 — (cSe+ed) - 2ci(14e) + 2C +1-e]
44 3 7k k k

(1-e C.)

k
3 _ = /1-¢’ [S 02(2e ez) S C (4+e) + S (1+e)2 +3E (C, -€)]
= -e ) - -e
B eyde Ck)3 k 'k k 'k k k' k
2

Sk\/l"e 2

¢, = ——— [eC -2C +2-e]
54 1. Ck)3 k k
1
3 = — [0 (2eteleed) + Cz(4+5e+5e2)
55 3 k k
(1-e C))
2
-Ck(1+3e) -2-3e~-e + 3(1+e)EkSk]

(1-e) C

. k

6  (1-
6 (eCk)

Similar expressions can be obtained for hyperbolic orbits. For references, see
Paragraph 3-110 of this part.

2.1.2 Actual Trajectory

The actual trajectory is computed according to the same equations and in the same
manner as the nominal trajectory. No plant noise is assumed, so the only unknown
relative to the actual trajectory is the initial state. In the program, the X can be
specified by the engineer or can be obtained by establishing the perturbation x o using
a random noise generator and then forming

X = X*+x
=0 =0 ~o

For the details of how 50 is established, see page 3-49 of this part.

2-10
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2.2 SENSORS

The Free-fall Performance Assessment Program has the capability of simulating several
instruments. They are

(1)  Space sextant
(2) Horizon sensor
(3)  Planet tracker

(4) Ground-based radar — three radar stations can be included simultaneously.

2.2.1 Space Sextant

This instrument measures the angle between a star and the edge or center of a planet.
The equations expressing these measurements are

-1 . _ S
6ol = cos {st) spb«k)} % 6B o )

where / Le
_ Zpp

e .¢)
pb“k R0

r e S '

S -1 b /o

B (t = sin Vehicle M— Reference Body b
ob1d pr(tk)

X,

2pb(tk) =R (tk) - B‘bc (tk) Bbb =90 Figure 1. Space Sextant
Measurement Geomet
ry

ry = radius of reference body b Ef BODY

B—bc (tk) = position of reference body b with respect to central body ¢

and the unit vector from the vehicle to the star is

S, cos o, cos b,
1 J J
s.t)=|s. = sin @, cos 6.
J(k) j2 i i
i s, sin &,
i3 i

2-11
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The o; and 6, define the right ascension and declination of the jth star. By setting
ng =0 in the {nput, the center of the planet is used in the measurements.

The observation matrix H(t, ) for this device has dimension (1x6). Since the angle 6pb
does not depend upon the velocity, the partial derivatives involving the velocity are
identically zero. The remaining elements are:

30 ol 30

_ _pb _ _pb | - _bb
h,) = ax1 ’ hlz(tk) ax2 : h13(tk) ax3

Further definitions of the partials are given in Volume I and on page 3-163 of this part.

The star that is used at a particular sampling time (tk) can be specified arbitrarily
through input or it can be selected to minimize the mean-square error in the estimate
of the perturbation in the terminal constraints. In the "optimal" star selection option,
the quantity that is minimized at each sampling time (t,) is the trace of

Tgty) = TEAPE)T ()

with
Pit,) = &t,,t)[I-P "¢ ) {H )P(t HY )+R )}'1H Pt )8 (¢, ¢
(ty At 1L - P H ¢ (HEPEH @) +RE)} THEIPEIE ¢,,1) @)
T(t A) = transformation matrix from state to constraints at terminal
time t A
P = covariance matrix of the error in the best estimate
$ = sgtate transition matrix
R = covariance matrix of the instrument measurement noise.

Because in the space sextant case there is only one measurement 6.,,, the quantity
{HPHT + R}~1 above is a scalar. Furthermore, since the only measurement depen-
dent matrix is H, the minimization of the trace of Tg(ty) is equivalent to maximizing
the trace of

T T T
T(t) 8, {)PEIH ()HEIPEIE ¢y t)T ¢,)

HEE)PEH (t) + R(t)
b HGIPOET €, )T €T, o, PEE )
HEE)PE)H (1) + R(t,)

2-12
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We shall now show that the above maximization problem reduces to finding the maxima
of a function of a single variable, an angle. From the measurement equation, one
notes that the non-trivial portion of the observation matrix is given by

1 cos 0

R . sin(e , +u_ )[§_(cosx.3
pb pb S pb S pb

=

) gpb]

Let us now introduce a new orthogonal coordinate system through the unit vectors
pr’ a, b and choose a= (0, a, az)T, see figure.

b

In this coordinate system, the h vector becomes

h =-RL[1 cos o sin a] E

pb
with
[ t te te ]
81 82 B°3
E = 0 e3/c - e2/c
I ~-cC elez/c ele3/c

T
.e_ - (eli e2’ e3)

tﬁ tan nSpr
_ 2 21/2
c = (e2 +e3)

2-13
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With the above property for the observation matrix, the trace to be maximized reduces
to a function of a single variable «, i.e.,

(1, cos a, sin a) A* (1, cos «, sin ae)T

Q) =

(1, cos a, sin a) (B* +R) (1, cos a, sin a)T
To obtain the "optimal™ star direction, it remains to find @ 41m41 Which gives a
maximum for Q(a). For further details as well as a definition of A* and B*, see page
3-167 through 3-171 of this part.

2.2.2 Horizon Sensor

This instrument provides information about three angles

Local elevation angle: |

b | Vebicle
sin.1 —x-fﬁ-k—)— o ‘ i/..(...-
IR )] a |

a =-

Local azimuth angle:

R SR L E—
[x.1 ¢ + X, 1" e
Half-subtended angle: .
BH = sin_ i Figure 2. Horizon Sensor Geometry
LB (tk)l of Angular Measurements

The range of applicability of the horizon sensor is governed in the program by the
subtended angle. If B B < B the horizon sensor information is used, other-
wise it is ignored. For x%ur’cher delgﬁ‘s see pages 3-161 and 4-26 of this part.

Since the horizon sensor provides information about three angles, the observation
matrix H(t) has the dimension (3x6). The partial derivatives with respect to velocity
are zero; therefore the non-trivial portion of this matrix has dimension (3x3). For
a definition of this matrix, see page 3-163 of this part.

2.2.3 Planet Tracker

The horizon sensor equations can be re-interpreted as equations for a planet tracker
if the information about the subtended angle is ignored. For more details about this
option, see page 4-26 of this part. .

2-14
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Range, range rate, and angular information is provided according to the following
equations.

The range and range rate vector equations are given by

Vehicle

Ri(t) = B -xn() +R , (T)
Byt = V(6) - E i (6) +R (T 1
Body 4
i=1 , 2 , 3 Figure 3. Range Vector Relationships
where

Df T Df T
Rt = X0, X,), X,tt))" and Vi) = [X,¢), X (), X ()]

are obtained by evaluating the two body equations in the in-plane coordinates and
transforming to the non-rotating coordinates at each t. R o(Tk) and R ,Io(Tk) are
the position and velocity of the.¢ th planet with respect to the Earth (in equatorial

=S AL

coordinates) obtained from an ephemeris at each epoch time Ty = tk.

- - — -
XiT(tk) T, Cos ®, €08 (Si + wtk)
Df .
= = +
g_iT(tk) YiT(tk) riT cos cpi sin (ei wtk)
ZiT(tk) Tor sin D,
_ i L |
and
[ ]
- YiT(tk)
. Df
i) = ©Xp®
0

are the tracker position and velocity in an Earth centered system, see Figure 4.
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Vehicle

(rn.. 8‘. 'o’) Earth fixed tracker coordinate system

(x;'p, y;;), zi;’) Earth fixed azimuth-elevation tracker coordinate system

(Xl. Xz, Xa) Non-rotating right-handed planet centered equatorial
coordinate system with X) along the vernal equinox of
1950

(X”.. YlT' ZIT) Non-rotating right-handed Earth centered tracker
coordinate system parallel to the (X, X, Xa) system

(x‘p, Y‘p, le) Non-rotating right-handed tracker centered coordinate

gystem parallel to the(xl. Xz. Xﬂ) system

Figure 4. Definition of Tracker Coordinate Systems

Defining the vehicle, with respect to tracker location, position vector as

Df "1
2,02 | Y )
Zip(tk) )

Then the range and range rate from the trackers are given by

p, = [X,2 +Y2 -!-Z,z]l/2
i ip ip ip
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To
. 21'2

0
1

Elevation and azimuth angle of probe with respect to the tracker

LT
1 | STy

y = sin_ n
iT Pt

] o
{ -90 <*t<90

[ 1 ]

cosg™} |—1B _
pi cos *l

n = - . 0 <n, = 360°

i [~ gt ™)

= o
1)
x sin Q cos (91 + “"‘Q sinc& sin (91+wtk) = ©o8 ©, Xip-‘

Yip
" - +
:m i sin (e1 wt.k) cos (ei + wt.k) 0 le

In the program, each tracker elevation angle wi is tested against input quantities d;i o
to see if the vehicle is visible from the tracker. If wio < ¢, < 1.356 radians, then

the measurements from the tracker are processed. In addition to the elevation test,
two additional simple tests are performed in the program to establish whether the Sun
is in the vehicle-Earth line of sight or if the vehicle is behind the central body planet.
For details of these two tests, see pages 3-148 and 4-22, 4-23.

The ground trackers measure the range P, and range rate p. of the vehicle and its

elevation y; and azimuth i angles. This leads to a basic observation matrix that
is (4x6).
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In addition to these partial deviatives, tracker location errors and bias errors are
included. Each tracker location is described by the vector components Xy1, Yi,
Zyr. Inorder to include these _constant errors, an observation matrix relating errors
in the measured quantities p_, pi, Wi, n; to the tracker errors must be established.
The bias errors are assume%i to enter additively so the observation matrix for the
tracker errors has the dimension (4x7). For further details and a definition of the
partial derivatives in the observation matrices for ground tracking, see pages 3-158
through 3-160 of this part.

The facility has been included in the program to consider bias errors in the measure-
ment data. When this option is utilized, the biases are considered as additional state
variables.

The bias errors are random quantities and are described as having a mean value of
zero and covariance matrix B . In the simulation, the B is used in conjunction with

a noise generator to obtain numerical values for the bias errors. The measurement
data also are corrupted by random noise. These random errors are defined as having
zero mean. At each sampling time, the covariance matrix of the noise is assumed to
be known and is denoted by R;.. Random noise is obtained from a noise generator using
these statistics.

2.3 NAVIGATION ‘
The Kalman filter is used to estimate the state perturbations from the measurement
data. The plant model is simpler than the general form described in Volume I, so the
filter equations can also be simplified. In the Free-fall Performance Assessment
Program, the general form of the Kalman filter is given by

17>
W

K = BAK (2 - ED
where

e = % k-1%k1

T T -1
P, B [HPLH +R]

_ T
P = 4 1Pk k-1 T %1

PR S

X
!

e

)
]
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Although the plant does not explicitly contain any noise, the matrix Q,_; has been
included in the equations. This feature is discussed below.

The only difference beiween these equations and those in Volume 1 is the absence of the
known plant term f ) _3. There are several aspects relating to these general equations
that are not immediately apparent. First, the state vector must be defined. The
error covariance matrix P is of the same order as the dimension of the state.
Theoretically, the Pk is a non-negative definite, symne tric matrix. Because of
computational inaccuracies, it can happen that the P, loses both of these properties.
Techniques have been devised that delay or prevent &ﬁs from occurring. The inaccu-
racies result from the finite word-length of a digital computer. Capability has been
included that allows one to simulate the effects of a reduced word-length. ‘hese topics
will be discussed briefly in the subsequent paragraphs.

2.3.1 The State Vector

The state vector is at least six-dimensional and always contains the position and
velocity as components. In this program, the bias errors of the electromagnetic
sensors provide the other possible components of the state vectors. The most general
state vector occurs when every instrument is included and has the following form.

-

X1
X 9 y position of the spacecraft
X3 J
X A )

4 :
X5 > velocity of the spacecraft
X 6 J
X )

7
XS \ errors in location of Tracker No. 1
X 9 y

<

X

10 .
X 11 4 bias errors in measurements from Tracker No. 1
X

12
X3 /
X

14 7
X15 , errors in location of Tracker No. 2
X16
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"
H
-
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> bias errors in measurements from Tracker No. 2

=
©

oo IS
o
o
AN

N
[

q errors in location of Tracker No. 3

nKon
o
[\

o
o
.

"
| ]
NN

-/

N
9]

y bias errors in measurements from Tracker No. 3

<IN eI
NN
@w I O

s\

L bias errors in horizon sensor measurements

o
e}

KoK XK X
w0
S
A\

bias error in space sextant measurement.

LW
—

Thus, the maximum dimension of the state vector in this program is thirty-one.

2.3.2 Orbit Rectification

The estimation procedure can be reliable only when the linear perturbation theory is
valid. In an effort to improve the linear approximation, it is possible to exchange
nominal trajectories at any intermediate time by re-initializing the conic. This
rectification is accomplished when two tests are satisfied.

3
> p,i< k

=11 P

2 p.<l
p.. <k
i =4 ii A%

The p,. are diagonal elements of the P(t}) matrix, so they represent the variance of the
error in the estimate of the ith component of the state vector. Recall that the first
three components define position and the next three define velocity. The kp and kv
are arbitrary constants.
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2.3.3 Square-root Kalman Filter

Since P) is non-negative definite and symmetric, it is always possible to write it in

3 4+ I
terms of a matrix factor i

sznkn;f

When there is no plant noise and when each measurement is processed individually, it
is possible to obtain recursion relations for the I, . Then, one can base the computa~
tions on the I . Since Pk is then the product of a matrix and its transpose, one would
expect that P, would remain symmetric and non-negative definite. - This formulation
of the Kalman filter is included in the program and is described in more detail in
Volume I and page 3-134 of this part.

2,3.4 Compensation for Computational Errors

The mairix Q) _; that appears in the {filter equations generally represents the covariance
of the plant noise. In this program, no plant noise exists, so an additional explana-
tion regarding the presence of Q.1 is appropriate.

It can be demonstrated that the presence of plant noise will, in general, prevent the
error covariance matrix from tending to vanish. It is this tendency that causes many
of the problems that arise with the Py (i.e., the loss of non-negative definiteness).
One can consider the computational errors to have the general effect of a random
noise on the system. Then, the Qi -1 can be used to compensate for the errors and to
prevent the P, from vanishing. Furthermore, the Qk—l can be considered to compen-
sate for errors in the linear approximation.

2,3.5 Variable Computer Word-length

Provision has been made to examine some of the effects of a reduced computer word-
length. This is accomplished by setting a specified number of bits of the elements of
Pk’ Kk’ and gk equal to zero at the end of every computational cycle.

2.4 GUIDANCE

t is assumed that the trajectory corrections that are required for this type of mission
will be small and that they can be adequately represented by an instantaneous change in
the velocity o. the vehicle. Based on this assumption, the guidance policy involves
two primary considerations

(1)  The time of the velocity correction must be established. Needless to say,
velocity correction will not be made at every sampling time. It is, in
iact, desirable to introduce as few corrections as is necessary to
accomplish the mission objectives.
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{(2)  The velocity correction itself must be determined according to some
criterion. '

The policy used in the program is presented below. The guidance law is then discussed
in terms of the general statements of Section 2.

2.4.1 Determination of the Desired Velocity Correction

The guicance laws are determined by the terminal conditions required for the mission.
A cach correction time, the velocity that is required to completely null the error in
specified terminal constraints is computed using the linear perturbation theory and the
current best estimate. In general, the correction is determined according to

AV, = A X
—k k =k
where %1 represents the best estimate of the basic six-dimensional state.

The guidance matrix /\1 is established in a deterministic manner to accomplish the
objective. Five different control laws have been considered and are listed below.
They are classified by the nature of the terminal constraints.

In some cases, the time of arrival at the target is allowed to be different thanthe
nominal. The change is computed from

A -

8T = CTél\

1. TFixed position - fixed time of arrival

The spacecraft is required to reach a specified position at a given time.

2. Fixed position - variable time of arrival

The spacecraft is required to arrive at a specified position; the time at
which it accomplishes this objective is not restrained. In this case, the
magnitude of the velocity correction is minimized through the choice of
the time of arrival.

3. R, v, 6- fixed time of arrival

The spacecraft is required to achieve a desired radial distance, flight path
angle, and velocity direction at the nominal time of arrival.

4. R, Yy, 6- variable time of arrival

This control law is similar to the preceding one except the time of arrival
is not specified. It is chosen to minimize the magnitude of the velocity

correction. .
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5. R, v, u - variable time of arrival

In addition to the radial distance and flight path angle, the position and
velocity of the vehicle is required to lie in a desired plane. The time

of arrival is used to satisfy the fourth constraint that is introduced by the
constraint on u.

The specified form of the A and C, are given in the Program Definition.

2.4.2 Timing of the Velocity Corrections -

Several techniques have been suggested in the literature. In this program, the variance
ratio criteria suggested by Battin is used. Using this approach, the time of the cor-
rection is based upon statistics relating to the velocity correction.

The covariance of the estimated correction is

V(tk)

E(a¥ () al’ )]

]

T
M) M - Pl Ay

where
T

M = o1k ko1

T
P = Y k-1Pk1% ket

2
The trace of this matrix is defined as AV (tk).

The error in the estimate of the velocity correction is characterized statistically by
its covariance matrix

N N N A T
D) = E[@a¥a) - a¥ ) @V -a¥ ¢))" ]

At Pt At

where AV o(ty) would be the velocity correction if che state were known perfectly. The
trace of this matrix is defined as d2 (tk).

A velocity correction-is commanded according to the variance ratio criterion below.
This test is accomplished by comparing the quantity
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2
d (tk)

R =
2
v AV (tk)

with some arbitrary constant Ry, min. When Ry, < Ry, min, a correction is made.
The velocity correction is actually implemented in the program after three additional
tests are passed. They are: the terminal time test tk <% tp, the terminal constraint
test n, = v TEy;» and the estimated velocity magnitude test AV | = Vpin. For more
details, see p. 3-130, 3-143, and 4-35 of this part.

2.4.3 Implementation of the Correction

The control system will, in general, not perform guidance corrections exactly. The
errors in the control system and noa-nominal engine performance are assumed to
combiae to result in actual velocity corrections whose magnitude are proportional to
the estimate.

lave)| = @+ lave)

The 7 is a Gaussian random variable with mean zero and variance 'nz It is selected
from a Gaussian number generator. The angle between the actual and estimated
corrections if 6 and is a Gaussian random variable with mean zero and variance & 2

The difference between the estimated and actual velocity corrections is characterized
statistically by the covariance matrix

N(t)

]

E[@Ve) - AV ) 636) - AVE)) ]
— =
V() + S Vi) T- V)

where

£ psim ) - Py )]

6
zZ
=1 j=1 1)

v(tk) =

and the mjj and pj; are elements of M and P,.. The B are elements of the matrix

A (tk/ A(tk)

i

At velocity correction times, the i.avigation statistics and state vector estimate must
be modified to include the effects of the correction.
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P =P +JN J°

k k k
M = [I+JAg)] IME) - PE)] (143 Ag)TT + Pt
~ — A + ~
X T Y ko1 Xy TIAX(MY
and
0
J =
I

The 0 and I represent 3 x 3 zero and identity matrices, respectively.
It should be noted that when a velocity correction occurs, no measurement data is
processed. Thus, the -’ik and Pk given above provide the best available navigational

data.

2,4.4 Relation to the General Guidance Problem

The guidance policy described above does not bear a close resemblance to the problem
described in Section 2. It is interesting to note that the same guidance laws are
obtained by formulating the velocity correction AV as the control variables, assuming
that only one correction will be made, and by then minimizing the expected value of
the square of the terminal constraint errors. The same guidance laws are obtained.
The requirement that the derivation assume that only one correction will occur illustrates
the suboptimal character of this common guidance policy. Policies of this general
character (i.e., policies which ignore the fact that additional data and corrections are
to be available) are referred to as open-loop feedback control. One might expect that
a closed-loop policy in which the total number of corrections is specified and thus is
considered in the determination of each AVk would be superior. However, the present
policy is used because of its common application in other space guidance studies.
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3.0 COMPUTER PROGRAM DESCRIPTION

3.1 INTRODUCTORY AND EXPILANATORY REMARKS

In this document a digital computer program that can be used to study the guidance
and navigation requirements for interplanetary space flights is described in very
great detail. The bulk of the presentation is composed of flow charts and supporting
equations. No attempt is made to justify the equations or to discuss their physical
meaning except through definitions of symbols and nomenclature. For theoretical
background, the reader is directed to References 1 through 8.

Flow charts provide the basic framework around which the remainder of the discussion
is constructed. These diagrams serve to indicate the logical flow connecting different
functional blocks. They do not describe literally the operation within the computer
program itself because many of the programming details are of little interest to most
engineers. It should be noticed, however, that the functional blocks have been assigned
numbers and that these numbers will be used in future discussions of changes and
modifications with programming personnel. We emphasize this aspect in order to
point out the close relationship that exists between the program as described here and
as it actually exists. Discussion of the programming details in terms of the actual
program assembly shall be deferred to a later document.

The flow charts have been arranged and drawn according to a hierarchical structure.
The "highest" level, designated as Level I, depicis the over-all structure of the
program. Each block appearing in this chart is described by another flow chart.
These charts are designated as Level II. This policy is repeated for each block in
every level until no further logic remains to be described. In almost all cases,
three levels of flow charts suffice to accomplish this objective. The final set of
flow charts at the lowest level are supplemented by the detailed equations which are
used in the program.

Paragraph 3.1.1 contains a further discussion and definition of the criteria used to
establish the different flow chart levels. The symbols used in the flow charts are
defined in Paragraph 3.1.2. The symbols and nomenclature that are fundamental to
the discussion and equations are defined in Paragraph 3. 1. 3.

The Level I flow chart and its discussion constitute Paragraph 3.2. The remaining
sections contain the charts and equations describing the functional blocks shown in
this diagram. The functions that are not part of the basic computational cycle,
INPUT GENERAL INITIALIZATION, and OUTPUT, are described in Paragraph 3.3.
Paragraph 3.4 describes the computational blocks which are referred to as the TWO-
BODY INTERPLANETARY NOMINAL, EXPLICIT STATE TRANSITION, TWO-BODY
ACTUAL, GUIDANCE, ELECTROMAGNETIC SENSORS AND NAVIGATION blocks.
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3.1.1 Schema for Flow Chart Presentation

As has already been stated, the flow charts are arranged according to "levels." In
the resulting hierarchy, the Level I flow chart provides the most general description
since it depicts the over-all program. Each functional block is further described by
lower level flow charts. These charts indicate the logical flow within the block and
describe the input and output requirements of the block. The equations used to obtain
the desired outputs are presented as a supplement to the lowest level flow chart. The
number of levels that are required depends upon the logical complexity of the func-
tional block. In most cases three lzvels are required.

LEVELI: This flow chart is designed to provide a very general description of the
entire program. The titles assigned to the functional blocks are intended to be sug-
gestive of the nature of the role to be performed within the block. Those functions
that are to be performed in the basic computational cycle are designated by Roman
numerals. Roman letters are used for functions that occur only once or play a
passive role.

In a less complex program the input and output quantities required by the program
could be described on this flow chart. However, this approach proved to be imprac-
ticable for this program so these requirements are described in the appropriately
named functional blocks.

To indicate the basic logical decisions that can regulate and alter the flow between
functional blocks, decision blocks are indicated. These decisions represent in a
general manner the types of decisions that are required. The actual decision logic
is described in the Level II flow charts of the functional blocks immediately pre-
ceding the decision block.

LEVEL II: The Level II flow charts provide ‘the first concrete description of the
program. Only the most important logical flow within each functional block is
indicated on these diagrams. The quantities that are required for all logical and
computational operations within this block are stated on this chart. These quantities
are differentiated as being either INPUT (i.e., values provided initially by the
engineer) or COMPUTED (i.e., values determimed in other portions of the program).
The quantities that are required in other parts of the program, either for print-out
or for computations, are also indicated on this flow chart. The functional blocks that
appear on these diagrams are denoted by two symbols (e.g., II. 1 when discussing

the "first" block in the Level II flow chart of functional block II) and a name. The
names have been selected to provide some insight into the nature of the block.

LEVEL III (and below): These diagrams provide additional details of the logical flow
within the functional blocks depicted at Level II. In this program definition, Level III
provide the description of the most intimate logical details in almost every case so
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no purpose was served by proceeding to lower levels. These flow diagrams are
augmented by the equations programmed into the computer. The input and output
requirements of these blocks are stated on the diagrams. All of these quantities are

summarized on the Level II flow chart.

3.1.2 Definition of Flow Chart Symbols

The following symbols represent the only ones that are used in the flow charts pre-

sented below.

-
)
S

Set of operations that is to be described
further by additional flow charts or by
equations

Logical Decision

Operations that are predefined (i.e., in
some other document and/or other parts
of the program)

Operations are completely defined by the
statements contained within the box

Connector used on Level II Flow Charts to
indicate entry source and exit destination

3-3
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Connector used on Level III flow charts

Summary of all quantities required in
computations of flow chart on which this
symbol appears or, alternatively, summary
of all quantities computed in this flow chart
which are required in other operations

This broad arrow appears on Level I and
Level II flow charts. It is used to indicate
information flow from one block to another.
The more important information is stated
within the arrow. This symbol has been
introduced to emphasize that many quan-
titles are transmitted between the functional
blocks in the higher level charts.

Indicates a call to a closed subroutine;
where N = FORTRAN statement number
X = Subroutine name
Y = Block reference to paragraph 3.0.

This symbol is used in paragraph 6.0.
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3.1.3 Definition of Nomenclature

3.1.3.1 Notation

Symbol Description

(__) ( ) is a vector

( )* The nominal value of ( )

( )T The matrix transpose of ()
( )—1 The matrix inverse of ( )

( )ij The ij element of the matrix ( )
(") Best linear estimate of ( )
¢« 2 Variance of ()

( )o Initial value of ()

( ) ith sensor value of ()

( A The augmented value of ( )
( )¢ The final value of ( )

3.1.3.2 Definition of Flags
Symbol Description

ACTFG Determines source of initial conditions for actual trajectory.
NEEDED ONLY WHEN PRFG = 1.

_ 0, input
ACTFG = 1, generated from initial covariance M(t,)
BODY Reference body flag; defines body to be used as a reference

in computing the horizon sensor angles and the space sextant
angle. This quantity is NEEDED ONLY WHEN HSFG # 0
and/or SSFG #0.

(0 Earth

Moon

Sun

Venus

Mars

Saturn 3-5
Jupiter

BODY = ¢

S W N
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3.1.3.2 Definition of Flags (con't)

Symbol

BSFG

CNTRFG

CORDFG

CORRFG

DIMFG

EUFG

3-6

Description

Bias error flag; indicates that constant random errors
(i.e., bias errors) are included in the model of the obser-
vation processes. State vector is augmented when non-zero.

BSFG = { 0, no bias errors

1, bias errors

Central-body flag; defines the central body used for the two-
body trajectory computations.

(0, Earth

1, Moon
2, Sun
CNTRFG = < 3, Venus
4, Mars
5, Saturn
¥6, Jupiter

Coordinate conversion flag; converts certain output parameters
to a rotating cartesian tangent, normal, radial coordinate
system.

r
CORDFG = 0, no convct sion
1, conversion
Correction flag; normally set equal to zero. When non-zero,
a velocity correction is to be included.

Dimension flag; this flag consists of two numbers which
specify the dimensions of the augmented observation matrix,
H Ar state vector x 5, covariance matrices P A PP, M

and the gain matrix Kp. Its value is determined in initializa-
tion based upon the input values of BSFG, TRFG, HSFG and
SSFG.

Ephemeris unit conversion flag; designates whether ephemeris
information has to be unit converted.

0, no unit conversion

EUFG = . .
1, unit conversion
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3.1.3.2 Definition of Flags (con'i)
Symbol Description

HSFG Horizon sensor flag; indicates whether a horizon sensor is to
be included as a source of measurement data

HSFG = { 0, no horizon sensor

1, horizon sensor

INF Internal state transition initialization flag for all conics

INF

= 0 no total state transition initialization is needed
# 0 total state transition initialization is needed (see

paragraph 3.4.2,1)
Set INF # 0
1. at the beginning of the case
2. after an orbit rectification is made

IUFG Input unit conversion flag; indicates whether input has to be
unit converted

IUFG = 0, no.unit convc?rsion
1, unit conversion
K(P)R Orbit-rectification flag; serves dual purpose of flag that
defines simulation runs for which orbit rectification capability
is to be included and a constant used to determine when
accuracy in estimate of position is adequate for rectification
purposes

m M Conic flag; determines conic

MASK Computer word-length simulation flag; when non-zero, this
flag causes a pseudo-shortened word length to be used in
computations. Value assigned to flag indicates the number
of bits of Py (t,), Kj(ty), X (ti) that are to be set equal to zero

MINFG Star selection flag; defines the method by which a star is
selected for the space sextant. NEEDED ONLY WHEN SSFG =1

0, prespecified input star

1, optimum ideal star without practical
limitations

2, optimum realistic star based on a
given star catalog

MINFG

3-7
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3.1.3.2 Definition of Flags (con't)
Symbol Description

OUFG Output unit conversion flag; indicates whether output has to
be unit converted

0, no unit conversion

OUFG = 1, unit conversion
PEMSFG Electromagnetic sensor output print flag
PGIDFG Guidance output print flag; defines guidance quantities that
are desired in the output print
PLINFG Linear approximation output print flag
PNAVFG Navigation output print flag
PRFG Determines desirability of computing actual trajectory

PRFG = 0, actual = nominal
1, computes actual
PRINFG Output print flag; this flag establishes the desirability and
frequency of printing the output

PROFG Internal conic transfer flag

'= 1 no conic transfer took place between observations

P
ROFG{= 4 a conic transfer did take place between standard obser-

vations (see paragraph 3.4.2.2.3 Block II. 3.2)

Set by time advance section of calculations control.

PSTRFG State transition output print flag; defines state transition
matrices that are desired in the output print

PTRJFG Trajectory output print flag; defines trajectory block quantities
desired in the output print

RAFG Internal actual initialization flag for current conic

= 0 no actual initialization needed for current conic

RAFG
# 0 actual initialization is needed for current conic (see

paragraph 3. 4. 3.1)

Set # 0
1. at the beginning of each conic

2. after a velocity correction is made
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3.1.3.2 Definition of Flags (con't)

Symbol Description

RECTFG Internal flag designating that an orbit rectification was
performed

RNFG Internal nominal and state transition initialization flag for

for current conic

= (0 no nominal and state transition initialization needed

for current conic

RNFG
# 0 nominal and state transition initialization is needed

for current conic (see paragraph 3.4.1.1 and 3.4. 2. 1)
Set #0
1. at the beginning of each conic

2, after an orbit rectification has been made

RVFG Conic state flag; determines source of initial conditions for
start of each conic

. ro, position and velocity at start of each
o~ conic is input
RVFG 1, position and velocity at start of each
conic except first is computed internally

SQRTFG Square-root Kalman filter flag; defines the computational
procedure to be used for the state vector estimation. When
non-zero, the covariance matrices of the measurement noise
should be diagonal

0, standard Kalman filter formulation

SQRTFG = 1, square-root version of Kalman filter

SSFG Space sextant flag; indicates whether a space sextant is to be
included as a source of measurement data.

0, no space sextant

SSFG = { 1, space sextant
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3.1.3.2 Definition of Flags (con't)

Symbol

TERFG

TERMFG

TRFG

VELFG

3-10

Description

Terminal constraint flag; defines the terminal constraints
for which statistics (i.e., Tg) must be computed.

0, no terminal constraints
1, r(ta)

2, r(tA) ’ Y(tA)3 e(tA)

3, T(ty), Y(ta)s Ulty)

TERFG

Termination flag; internally set flag used to terminate a
simulation run

Ground tracker flag; when non-zero, ground tracking infor-
mation is to be included as a source of measurement data

1, one tracker
TRFG = 2, two trackers
3, three trackers

Velocity correction flag; determines the guidance law that
is used to compute midcourse corrections

0, no velocity correction

1, r, AT=0 TERFG-=1

2, r, AT#0 TERFG-=1

3, r,v,8 AT=0 TERFG =2
4, r,v,8, AT#0 TERFG =2
5, r,Y,u AT #0 TERFG =3

VELFG =

th

Internally set instrument flag; Qi refers to the i instrument

1, ground tracker No. 1

2, ground tracker No. 2
i= 3, ground tracker No. 3

4, horizon sensor

5, space sextant

At each t; when ¢y is zero, the ith instrument shall be

omitted from consideration in the NAVIGATION BLOCK
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3.1.3.2 Definition of Flags (con't)

Symbols

Description

Internally set navigation flag; when C is zero at ty, the
NAVIGATION BLOCK is not exercised (i.e., no measurements
are made).

3.1.3.3 Definition of Symbols

The quantities used in the flow charts and equations are defined below. The input
form and dimension of these quantities are also given where appropriate. The nota-
tion given in the first column corresponds to the notation used in the equations,
whereas the notation in the second column corresponds to the mnemonic symbols as
used in the input print format.

Symbol

[=8

A(IL)

B(I)

Description
Semi-transverse (semi-major) axis of a conic

Range rate variance constants where
2 Df .2 .2 2
., = + 1+b + 1+Db
5. = 2o T AT he) Py Fa,rbe) e
, .4
+ 1+
2;4(1+b,0)

pi and ;5i are the range and range rate of the spacecraft
relative to the ith tracker

The p-dimensional vector of bias errors in measurements
data. (The vector b will be considered in terms of sub-
vectors b; where the b; is related to the i instrument.
This distinction will carry over to other quantities such as

KA, HA-)
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3.1.3.3 Definition of Symbols (con't)

Symbol Description
bik B(IK) Range variance constants where
2 Df 2 4
Opi = Pio TPy Py *Piphy
B The (p x p) dimensional covariance matrix associated with

b (a symmetric matrix)

B B() Covariance of bias errors in tracker number i. This (7 x 7)
matrix can be partitioned into the form

where Bj1 is (4 x 4) and represents the covariance matrix of
the bias errors in the tracker measurements. Bjj, is (3 x 3)
and represents the covariance matrix of the tracker location
uncertainty. Elements of By are ordered in terms of p;,

Bi» Vis n;- The elements of B,y are ordered in terms of
X{T, ¥iT» 2iT (l.e., the components of the position vector
to the tracker at t;). The Bj matrix will be input as follows:

i. Six numbers will be input to define B;1 and ten
numbers will be input to define Bj;. Symmetry
of the matrices will establish the remaining
elements.

ii. The first 3 elements of Bj, designate the diagonal
elements. The remaining 3 are input on the same
row when B; 1 = 1. The first 4 elements of BiI
are the diagonal elements. The remaining 6
elements are input when B; 1 = 1.

BioI B()O Diagonality of By fori =1,2,3. Value of zero indicates that
Bi1 is diagonal matrix.
BioL B(OL Diagonality of B;;. Value of zero indicates that B;p, is

diagonal matrix
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3.1.3.3 Definition of Symbols (con't)
Symbol Description

B 4 B4) Covariance of bias errors in horizon sensor. It is a (3 x 3)
symmetric matrix. Six elements of this matrix are input in
a manner analogous to that of B;;. The remaining elements
are established from symmetry considerations. The elements
of B4 are ordered in terms of a, &, and BH.

Bso B#4)O Designates diagonality of By. Value of zero indicates that
Byisa diagonal matrix.
B5 B(5) Covariance of bias error in the space sextant.
Cy. ClJ Covariance matrix constant; multiplies computed covariance
) matrix; i =1=1,2,3;j =J =1,2,..., 10.
CT CT Time conversion factor; converts units of input time to units

used in ephemeris

dz(tk) Trace of Dty,)

D(tk) Covariance matrix of the error in the estimated velocity
correction

e Orbit eccentricity

E Eccentric anomaly

EPL Ephemeris length conversion factor, equal to ephemeris unit

of length/internal unit of length

EPT Ephemeris time conversion factor, equal to ephemeris unit
of time/internal unit of time

F Hyperbolic eccentric anomaly (i.e., hyperbolic equivalent
of E)
F() The (6 x 6) dimensional instantaneous state transition matrix

where @(tk,tj) is the solution of

d = . —_
3 2t = FO) .t 5 2y, t) =1
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3.1.3.3 Definition of Symbols (con't)

Symbol Description
G1*(TA)
g A) G2*(TA) Nominal acceleration vector at target
G3*(TA)
Df
g(tk) Angular momentum vector, h = RxV
H(tk) The m x 6 observation matrix. For linear perturbation

theory, H(t)) arises through the assumption that
Y () =~ H(y) x(t)

H A(tk) The m x (p + 6) dimensional augmented observation matrix.
In terms of partitioned matrices

Hy(ty) = [H(ty) Hg]

Thus,
+
z(t) ~ H () x,¢)+v(E)
HB The (m x p) bias matrix. The bias errors are assumed to
effect the measurements according to Hgb
H, (t,) The m! x(p + 6) dimensional observation matrix for the ith
aiding instrument,
k .
i
Z m =m
i=1
IUL Input length conversion factor, equal to input unit of length/
internal unit of length
IUT Input time conversion factor, equal to input unit of time/
internal unit of time.
K(ty) The (6 x m) optimal gain matrix
K A(tk) The (p x 6) x m augmented optimal gain matrix
KE KE Kepler's equation accuracy constant for elliptic orbits.
Built in as 1.0 x 1077,
Kg KF Kepler's equation accuracy constant for hyperbolic orbits.

Built in as 1.0 x 107,
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K K(P)R

K K(V)R

M(ty) M(TK)

M6

Description
i.th
The (p+6) x m i instrument optimal gain matrix

Orbit rectification position constant. Serves as criterion
for defining when position estimate is adequate for rectifica-
tion purposes

Orbit rectification velocity constant; serves as criterion
for defining when velocity estimate is adequate for rectifi-
cation purposes.

Internal symbol used to designate dimensionality of certain
quantities

Number of conics. There may be ten possible conics,
m=MF =1,2,...,10

Covariance of perturbation state vector (6 x 6) dimensional
covariance matrix associated with x (t;,)

Covariance of initial state Di E[g('to) _)gT(to)]. Iitis a (6 x 6)
symmetrix matrix of which only 21 elements are input. The
remaining 15 should be established using the symmetry.
M(t,) will be input according to the following schedule:

i, The first six inputs designate the diagonal
elements, Mjj or MII i=1=1,2,...,6

ii. The remaining fifteen elements are input by now
when Moo =1 in the order

M12, M13, « . ,M16
M23’ M24’ e ’M26
M34’ M35’ M36’ M45’ M46’ M56
Covariance of augmented perturbation state vector
(p + 6) X (p + 6) covariance matrix associated with x A(tk)

M(t, ) M. (t)
. Df k 1Yk
Al =

T
M1 (tk) M 2(t:k)
where Ml(tk) is (6 x p) matrix and Mz(tk) is (p X p) matrix.
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3.1.3.3 Definition of Symbols (con't)

Symbol

M
00

n
ny

n2 (tk)
N(t,)

NO. STARS

OUL

ouT

P(ty)

P'(t

Pyl

3-16

MOO

Description
Defines nature of M(to)

M _ { 0, M(t,) is diagonal
00 1, M(to) is non-diagonal

Internal mean angular motion n? bt m Z/aa

Internal mean angular motion ni o Y /—a3

Trace of N(t,)
Covariance of the actual velocity correction
Number of stars to be used in a star catalog

Output length conversion factor, equal to output unit of

length/internal unit of length ‘

Output time conversion factor, equal to output unit of time/
internal unit of time

Internal symbol used to designate dimensionality of certain
quantities

Covariance of error in estimate X (t}) of X (t), (6 x 6)
~ ~ T
Pr) 2 E([£@) - xR -xt)1 )
Covariance of error in estimate g‘(tI{) of x (tk), (p +6) x (p +6)

Covariance of error in estimate X At of X, (6), (P +6) x (p+6)

Pl Pyt

P )
T
Pl(tk) PZ(tk)

where Pl(tk) is (6 x p) and Pz(tk) is (p X p)
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3.1.3.3 Definition of Symbols (con't)

Symbol

Q)

X1*(TA)
r*(th) | X2%(TA)
X3*(TA)
r(t:l) ROT(M)
. SMR(IT)
re SR(L)
R(t)
R ()
R (T})
R.(t,) RI(TK)
R RI(0)

Description

(6 x 6) diagonal matrix to account for the computational and
dynamic model errors, i.e.,

T
= ]
P(t) =t t, ) Pt ) & (¢t )+ QL)
Nominal position vector at target

Maximum permissible distance from central body to space-
craft. NEEDED ONLY WHEN RVFG = 1.

Distance from ith tracker to center of body; i = 1,2,3
Radius of body ¢

The (m x m) dimensional covariance matrix associated
with the m-dimensional measurement noise vector

(3 x 1) position vector at tk
(3 x 1) position vector at T =Ty + CTtk

Covariance matrix of noise in ground trackers; i =1=1,2,3

2
(o) o o o
Pi PiPi PiYy Pi M
02 g,. V. g
Pi i Pi My
R () Di C Symmetri 2
i i ymmetrie & o
2
o)
- L

Defines nature of Ri(tk); i=1,2,3

R = { 0, Ri(tk) is diagonal
io 1, Ri(tk) is non-diagonal
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3.1.3.3 Definition of Symbols (con't)

Symbol

RV RWV)
RVmin R(VMIN)
R 4(tk) R4(TK)
R 4 O(tk) R4(0)
Ryt)  RS(TK)

Description

Variance ratio

2

Df d (tk)

Na t)

Minimum variance ratio. When the variance ratio Ry,
becomes less than Ry . , a velocity correction may occur.
Dimensionless constant.

Covariance of noise in horizon sensor measurements  This
is a (3 x 3) matrix of which 6 elements are input as a tabu-
lated function of time. First three elements are diagonal
elements. Ordered in terms of a, 6, BH. The elements are
input as a function of time with the format:

Time ril(tk) r;2“1() rgs(tk)
e R4(11) | R4(22) | R4(33)
and
Time | r iz(tk) r‘i3(tk) rga(tk)
" rMe R4(12) | R4(13) | R4(23)

Provision is made for 50 different values of the time
argument

Defines nature of R 4(tk). Table of 50 values

Rt = {

0, Ry(ty) is diagonal
1, R4(tk) is non-diagonal

Covariance of noise in space sextant measurements.
Tabulated as a function of time (50 values)

(3 x 3) rotation matrix. Matrix accomplishes transformation
from an auxiliary in-plane coordinate system to the basic
non-rotating coordinate frame.
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3.1.3.3 Definition of Symbols (con't)

Symbol

s(t)
_\kl

STAR

ty (or t;(n)

m
t T(M)
m
t
T
Tg
T, TL
u
X4%(TA)
vit,) X5%(TA)
X6%(TA)
v (tk)
Vi(ty)
w

Description

(3 x 1) star vector

Denotes number of star to be used for the tep st st
in star catalog defined by CATFG. NEEDED ONLY WHEN
MINFG =0

Time of arrival. This is time at which program is terminated
and represents the time at which the target is reached

The kth observation time (k =0,1,...,N). The superscript
m is sometimes included to indicate the conic section

(m =1,2,...,10). The subscript k is reset equal to zero at
the start of each conic

Time at start of mth conic

Final time in mth conic

Transformation matrix between the terminal state vector
and the terminal constraints

Terminal constraint covariance matrix
Df T T
= * 3 * *
TE(tk) T(t!) ot ,tk) P(tk) ® (t! ,tk) T (t!)

Julian date corresponding to t = to- This is a double
precision input number (i.e., 16 digits)

Unit vector perpendicular to trajectory plane
Nominal velocity vector at target
The m-dimensional vector of uncorrelated (between sampling

times) measurement noise

Covariance matrix of the estimated velocity correction,
(3 x 3)

(3 x 3) or (4 x 4) diagonal weighting matrix used in the optimum
star selection

3-19



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION ég_é:f

3.1.3.3 Definition of Symbols (con't)

Symbol

X (t,)

X ()
X'(t,)

X , (t)

X(t) X(T1)
X*t)  XXTM

3-20

Description

The six-dimensional perturbation state vector
Df
xt) = X(t) - X*t)

Best linear estimate of x (t;.) based on measurement data
z(t,). This is a (6 x 1) vector

Best linear estimate of X (tk) based on measurement data
z (tk-1

The (p + 6) dimensional augmented perturbation state
vector. In terms of partitioned vectors

X (t)
b(t)

Best linear estimate of x A(tk) based on measurement data

z(t)

Df

Y
b(t,)
The six-dimensional state vector. The first three compo-

nents denote position and the last three represent velocity.
The nominal state is written X*(t,).

~ D

The (6 x 1) error in the estimate vector

Df

) = xt) -X(t)

Actual trajectory initial state vector (6 x 1). NEEDED ONLY

WHEN PRFG =1, ACTFG =0.
th

Nominal initial state vector for m™" conic. This is a (6 x 1)

vector whose first three comporents [X1*(TM), X2*(TM),
X3*(TM)] represent the position vector and the last three
components [X4*(TM), X5%(TM), X6*(TM) represent the
velocity.
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3.1.3.3 Definition of Symbols (con't)

Sy mbol

¥ ()

Yt

Y.
z(t

z.(t)

gH BET(MAX)

B BET(MIN)

\ GAM(SQ)
5T

Atk OBS.DELT

Description

The m-dimensional perturbed observation vector
Df
= - *
y) = Y- Y*e)

The m-dimensional observation vector. Components of this
vector represent quantities that can be measured with a
physical device (e.g., ground radar or space sextant). This
vector contains no random errors.

The m'-dimensional ith instrument observation vector

The m~dimensional vector of actual measurement data

26) 2 y@) +H by )

The ml—dimensional vector of ith instrument actual

measurement data
Internal local vertical horizon sensor angle
Horizon sensor half-subtended angle

Maximum allowable subtended angle, (degrees)

Minimum allowable subtended angle, (degrees)

Internal half-subtended angle by body -
Internal space sextant half-subtended angle

Variance of velocity correction direction error, (radians)2
Change intp due to velocity correction

Interval between observations. At is used for a pre-
specified number of observations according to the following
schedule:

Number of Observations Atk
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3.1.3.3 Definition of Symbols (con't)

Symbol Description

AV (tk) (3 x 1) actual velocity correction .vector. This represents
correction actually applied to trajectory

& (tk) (3 x 1) velocity correction vector based on X ()

AVz(tk) Trace of V(tk)

AX SM DEL X The (6 x 1) linear approximation to the state vector
X (t)
Df
Ax(t) = x(t) -8t ,t) X(t)

Ay (tk) The linear approximation to the observation vector

Df
W

Ay, (t ¥, () - Hp x(t), 1=1,2,3

ayyt) Ty, 00 - (Hyt)s 01 x¢)

Df
Ay () = vg - [Hg 5 01 x(t)

€ (t:)) ROLM) Tolerance on r(t:)n)
€ ﬁ EPS(L) Tolerance on the half-subtended angle of the planet JZ . Al=0, 1,...,6
Epo EPS(PO) Criterion to establish whether the vehicle is behind the cen-

tral body, i.e., cosine of angle between vehicle and Earth
vectors with respect to the central body, usually < 0.

€ EPS(SO) Criterion to establish whether the Sun is in the line of sight
of the vehicle from the Earth.

€ EPS(W) Input constant restricting the allowable stars to a specific
part of the sky

2 | , . .

n ETA(SQ) Variance of velocity correction magnitude error. Dimension-

less constant.

n ETA(D) Internal tracker azimuth angle; i =1,2,3




Symbol Description
®i TH(I) Longitude of ith tracker, units of degrees; i =1,2,3
n KAP Velocity correction cutoff time. When ty > 1t A» Do velocity
correction is permitted
", KAP(]) Terminal constraint accuracy constants. When Tg.. <n_,
1 . L . : ii i
no velocity correction is permitted; i =1=1,2,3,4
" KAP(S) Space sextant half-subtended angle multiplicative constant;
i.e., 1 Bs. When #_ =0, the simulated angle measured by
the space sextant is ?rom the center of the planet to the star.
/\(tk) (3 x 6) guidance matrix
A Df ay
vl / MU(L) Gravitational constant of body
ﬁ), Earth
1, Moon
2, Sun
/= L =4 3, Venus
4, Mars
5, Saturn
\?’ Jupiter
v True anomaly
II (tk) PI The factored P(t,) matrix
T
Pt) = T) I ()
(The definitions of II'(t}), Il A(tk), IIA(tk) should be obvious
in light of the definitions above.)
P RHO Tracker range
RHO VECTOR Tracker range vector (3 x 1)
4

» 2o o prapap }
f Symbols {con't)
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3.1.3.3 Definition of Symbols (con't)
Symbol Description
;) RHO DOT Tracker range rate

;'3 RHO D VECTOR Tracker range rate vector (3 x 1)

pxlnax RHO(1MAX) Maximum possible range for range measurement
pilax RHO(2MAX) Maximum possible range for angle measurements
o SIG(]) A priori statistics error. Constant that allows the effect of
incorrect a priori statistics to be examined (1 + o), R (tk)
is used to generate noise vector v ,(ty) whereas R, (tk) 1s
used to determine estimates, i =1=1,2, , 5.
GY SIG(GAM) A priori statistics error in the velocity correction direction
on SIG(ETA) A priori statistics error in the velocity correction magnitude
of] SETISQ Variance of noise in measurement of azimuth angle 1y, units
i of (rad)?2
SRIETI Covariance of noise in range P; and azimuth angle ni
pini measurement; units of (length) x (rad)
b SRDIEI Covariance of noise in range rate ﬁi and azimuth angle n;
it measurements, units of (length/time) x (rad)
G - SRIRDI Covariance of noise in range Py and range rate bi measure-
p ipi ments
o " SRIPSI Covariance of noise in range p; and elevation angle \lli
Py i measurements, units of (length)(rad)
Op " SRDIPI Covariance of noise in range rate p and elevation angle 41
i'i measurements; units of (ength/time) x (rad)
2
o SPSISQ Variance of no1se in measurement of elevation angle W ,
v, _
i units of (rad) ;i=1=1,2,3
OW n SPIEI Covariance of noise in elevation angle \lJi and azimuth angle
ii 7. measurements, units of (rad)2
1 o
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Symbol Description
.M . . . . . th .
T (tk ) Internal time from pericentron passage in the m™" conic

corresponding to t;

Internal time from pericentron passage at the start of the mth

o :
conic
lpi PH(I) Latitude of ith tracker in degrees; i =1,2,3
e(t, ,t.) The (6 x 6) dimensional state transition matrix relating
k')
the states x (t) and §(tj)
.t , t) The (p +6) x (p + 6) dimensional augmented state transition
Ak’ j \ <y
matrix. In terms of partitioned matrices
Q(tk,tj) 01
& =
Al t) i
01 I
where Oj is (6 x p) matrix of zeros
\bi Internal tracker elevation angle; i =1, 2,3
wio PSI(0) Minimum permissible elevation angle, units of degrees
(the maximum angle is built in as 1.536 radians)
w OME Earth's rotation rate (degrees/time)
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3.2 FUNCTIONAL ORGANIZATION OF THE PROGRAM

The diagram that immediately follows these paragraphs is designated as the Level I
flow chart. It does nothing other than summarize the basic structure of the program
in terms of the basic functional operations that must be performed. It can be con-
sidered as consisting of two types of functions. First, operations that constitute the
basic computational cycle; these functions are described by the blocks that have been
designated with Roman numerals. The details relative to these blocks can be found

in Paragraph 3.4. Blocks A, B, and C describe functions that either occur once, i.e.,
Block B), are required in order to make the program operate meaningtully (i.e.,
Block A), or act passively relative to the computational cycle (i.e., Block C). These
three blocks are described in Paragraph 3.2

The INPUT block represents a summary of the quantities that an engineer must input.
No computations are contained within this block. In the GENERAL INITIALIZATION
block, computations that must be performed once during a specific simulation run
and/or logical decisions that must be made for proper operation within the basic
computational cycle are accomplished. The OUTPUT block defines the quantities
that are to be available for print-out purposes and contains computations that are not
required in the basic computational cycle. This program uses guidance and naviga-
tion policies that are based upon the techniques of linear perturbation theory. To
apply these methods, it is necessary to compute a nominal (or reference) trajectory.
This task is accomplished in the TWO-BODY INTERPLANETARY NOMINAL block.
Based upon the nominal trajectory, it is possible to compute appropriate state tran-
sition matrices which provide one of the corner stones for all linear guidance and
navigation policies. These matrices are computed within the EXPLICIT STATE
TRANSITION block. The actual state of the spacecraft is simulated in the TWO-
BODY ACTUAL block.

During a simulation run, it is necessary to compute the state transition matrix
between the current time t, and the terminal time t} for use in the GUIDANCE block.
In order to accomplish this, it is necessary at the start of the simulation (i.e., at
t ) to compute : (tZ, t ). This procedure is referred to as CONIC INITIALIZATION
and involves only Bloc?{s I and II. The transition matrix & (t}, t) must be recom-
puted whenever the nominal trajectory is modified. The nominal is changed in order
that the hypothesis regarding the linear relation between the nominal and actual tra-
jectories remains valid. This occurrence is referred to as ORBIT RECTIFICATION.
The decision regarding the time at which a rectification is to be introduced is deter-
mined in the NAVIGATION block.

The basic schedule of observation times is input by the engineer. It can happen that
the time at which a conic is terminated may not coincide with an observation time.
When this occurs, the trajectory calculations are performed without entering the
"feed~back"™ branch that involves Blocks IV, V, and VI.
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The restriction has been incorporated into the program that the times at which velocity
corrections occur and at which observational data is obtained are mutually exclusive.
For this reason the GUIDANCE block appears before the NAVIGATION and ELECTRO-

MAGNETIC SENSOR blocks. When a velocity correction is deemed necessary, these

two blocks are bypassed. The computations relating to the advisability of a correction
and the correction itself are contained in the GUIDANCE block.

The ELECTROMAGNETIC SENSOR block provides simulations of several instruments
(e.g., ground-hased radar, horizon scnsor, space sextant) that are used to obtain
information relating to the state of the spacecraft. The measurement data from
these instruments are computed for hoth the nominal and actual trajectories.

The NAVIGATION block uses the mensurement data generated in Block V in order to
obtain a new estimate of the state. The statistics regarding the covariance of the
error in the estimate are used to determine when an orbit rectification should be
introduced. When rectification is called for, the flow must return to the GUIDANCE
block so that initial conditions can be generated which will permit the new nominal
to satisfy the same terminal constraints.
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3.3 INPUT, GENERAL INITIALIZATION AND OUTPUT

For a specific simulation run, the logical and computational flow within the program
is established to a large extent by the values assigned to several input "flags". These
flags are defined in Paragraph 1.3.2. In paragraph 1.3.3 all the symbols and input
quantities are defined and the form of their input explained where appropriate. The
definitions contain in the first column the symbols as used in the equations and in the
second column the corresponding mnemonic symbols as used in the input print format.

The most general input print format is stated in Paragraph 3.1.1. In Paragraph 3.1.2
the capability of converting the input data to a set of internal program units is described.
The input quantities and the blocks which require them are listed in Paragraph 3.1.3.
There are no flow charts associated with the input block.

The detailed flow charts and equations of the logical and computational actions per-
formed only once during a specific simulation run are described in the GENERAL
INITIALIZATION block, Paragraph 3.3.2. Levellland Level III flow charts are included

in this block were appropriate.

Definitions of the quantities which are required as the outputs of each of the functional
blocks are given in Paragraphs 1.3.2 and 1.3.3. Among those quantities, several of
them are required either for print or in other functional blocks. Those quantities that
may be required for print-out are given by the most general output print format in
Paragraph 3.3.1.5. The program does contain several output formats. The specific
format desired is established by the values assigned to the output print flags. These
flags and the associated quantities to be printed are described in Paragraph 3.3.1.1
Level II and Level III are included to describe the computations that are required in
the OUTPUT block. In Paragraph 3.3.1.2 the coordinate conversion option is des-
cribed. Paragraph 3.3.1.3 describesthe output computations and Paragraph 3.3.1.4
defines the output unit conversion option.

3.3.1 Input - Block A

3.3.1.1 Input Print Format
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case ¢ FERFCRMANCE ASSESSMENT CF ATCEC-INERTIAL GUICANCE AND NAVIGATICN SYSTEMS FCR FREE FALL

sses [NPUT CATA ssee

IDENTIFICATICN CARC 1
IDENTIFICATICN CARD 2

TRAJECTURY INPLT eeee

T = C. TA = C. 10 = C. CT = 0.
MF = 1C RVFG = 1
WL = L. Ca 0. O. Ce C. C.
vully = C. C. C. 0. O. 0. C.
CINIC TIMES CENTRFG RCL RCTY
Te 1y = Te C C. C.
T 2y = C. c Cc. Ce
T Y = 0, 0 0. Q.
T «) = 3. c Ce 0.
Tt 51 = e C Ca C.
T =y = T o] Z. C.
T 1= Y. 0 C. C.
T{ 38) = C. bl 0. [s1%
T( 5) = [ Q Q. Ce
TeLcy = Ce C C. C.
P11 AL NCMINAL CONIC STATES
xe(T 1) VECTICR = C. O. C. Q. Q. 0.
xe(T 2} VECTCR = C. C. C. G. O. 0.
xel(T 2 ygoT2r = (. C. Q. c. Q. C.
o (T &) yECTIR = C. 0. 0. C. C. C.
«e{T 51 w¢CTow = C. 0. C. C. Q. Q.
xe{T 6} vECTIOR = C. c. C. O. O 0.
xe(T 7} VECTCOR = Ce C. 0. O. 0. C.
xe{T 8) vcCICR = O. 0. 0. C. C. 0.
e(T G) velTir = Ce C. C. C. 0. C.
Le{TIC) veCTOR = e Ce Qe 238 O. 0.
PRFG = C ACTFG = O
X(T1) VECTOR = C. C. 0. O. 0. C.

INPUT FCR GUICANCE BLCCK sese
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CASE [+

TERFG = O v

KAPPA = 0.

xe({TA) VECTCR =

GelTA} VECTCR =

INPLT FCR OCLECT
2SFC = |
KAap (S} =

EPSIL) = OC.

GRCLAT TRACKING

PSPy = C.

SMALL R “AGS =

Trers (1) =

CCvaARrRIANCE YATR

10 BY 4 MATRI

C.
Ce
c.
C.
C.
C.
O.
0.
C.
C.

DD~ DS~

—

R1(0) = 0

RANGE RATE vaR]

3 BY 4 MATR]

AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION @BWS>

PERFCRMANCE ASSESSMENT

ELFG = C VAR ETA SC = 0.
SIGIETA) = 0.
KAPPA (1) = Q.
C. C.
C. O.

ROMAGNETIC SENSCRS BLOCK eese

SSFC = 1 HSFG = 1

n, EPS(w) =
Q. Q.

CATA-

EPS(SC) = C.
Qe 0.
2. 0.
1X CCNSTANTS (1ST CCLUMN = TIME
X CtlyJi
1 2

Ce Ce.
Ce. Q.
Q. 0.
Q. Q.
C. C.
0. Q.
C. 0.
0. 0.
C. C.
0. 0.

R2{C}) = "] R3(C) = 0

ANCE CCNSTANTS
X SwALL AlI,tb)

1 2

CF AICED-INERTIAL GUICANCE AND NAVIGATION

asee INPUT CATA evee

VAR GAM SQ = C.
SIG(GAM) = O.
0. 0.
0. 0. 0.
0.
TRFG = 3 MINFG = O NCSTAR =
c.
0. c.
CME = 0. REC | MAX =
C. PRI (1) = O,
C. PSIO (1) = C.
)
3 4
0.
0.
0.
o.
0.
0.
0.
0.
0.
0.
3 4

SYSTEMS FCR FREE FALL

R{VMIN) = C.
C.
0.
0
C. C.
0. RMO 2 MAX =
O. 0.
C. c.
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CASE c PERFCRMANCE ASSESSMENT OF AIDEC-INERTIAL GUICANCE ANC NAVIGATICN SYSTEMS FCR FREE FALL

ssas INPUT CATA ssae

1 2 3 4
i C. 0. 0. 0.
2 Ce. 0. C. 0.
3 C. Ce 0. 9.
SMALL B{I) =, 0. 0. O.

RANGE VARIANCE CONSTANTS

3 Ry 1 MATRIX  SMALL B(I,x)

i 2 3
1 C. C. C.
2 C. C. C.
3 Te C. C.
SIGMA(PSIT SCR) = 0. C. Ce.
SIGMALETA SCR) = Q. 0. 0.
SIGMA{PS] ETA} = C. 0. Q.
SIGMA(RFCDCT P31 = (. C. Q.
SIGMA[RED RKCOCT) = C. C. Ca
SIGMA(RKHC PSI) = Q. C. C.
SIGMA(RKC ETA) = C. 0. 0.
SIGMA(RFODOT ETAY = Q. Q. 0.
FCRTZON SENSCR-
R4 {0) = 1 BETA{MIN) = 0. BETA(MAX)} = Q.
Tive Ra(ll) R&4(22) R4(33)
ri1 <. C. C. Ce.
T2 ¢C. C. Ce Ce
T3 C. C. C. C.
T ¢« C. C. C. C.
rs ¢c. C. c. C.
T+« C. Ce C. C.
rr C. C. C. C.
T8 C. C. C. C.
T 9 0. Ca 0. 0.
Tic ¢C. C. C. C.
TIME Ra(12) R4(13) R&(23)
1 C. C. C. C.
T2 C. C. C. C.
T3y C. C. Q. 0.
T 4 C. C. Q. 0.
T 5 C. C. C. C.
T6 C. C. C. C.
T 1 C. C. C. G.
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CASE
T8 C.
T 9 C.
Tio C.
SPACE SEXT
riL c.
T2 C.
T3 C.
T 4 C.
T s C.
T 6 C.
T 1 GC.
re cC.
Ts C.
Tic ¢C.
INPUT FCR
PCFC = C
SIG (1) =
6 BY ¢
0.
OIAGCNAL C
T 0.
T2 C.
T3 7.
T 4 Ne
TS5 Ce
T 6 C.
T 7 0.
T 8 C.
T s C.
Tic Ce
8t110 = C
4 8y &
0.

o] PERFCRMANCE ASSESSMENT OF AIDED~INERTIAL GUIDANCE ANC NAVIGATICN SYSTEMS FOR FREE

asee INPUT CATA eene

C. C. C.
C. C. C.
C. c. C.

ANT ANC/CR KCRIZCN SENSOR

TIME aooy R(S) STAR
C.
0.
C.
C.
C.
C.
Q.
C.
C.
C.

oo

000000000
O0O000O000O

NAVIGATICN BLCCK seee

SGRTIFG = MASK =CCcccCccecccce K(PIR = O. K(VIR = C.
C. C. 0. C. C.
CIAGCNAL MATRIX M(TK)
C. 0. g. 0. C.
VATRIX INPLT TABLE
TIME [ RR S Qiedi C133) Cl4a4q) Q(55)
C. 0. Q. 0. C.
Q. 0. 0. C. C.
C. Q. C. C. C.
C. C. C. 0. 0.
C. C. 0. C. C.
0. 0. C. C. C.
0. 0. Ce 0. 0.
C. C. C. O. 0.
C. 0. 0. C. C.
0. 0. C. C. 0.
81210 = C B{3)0 = C B4l = O B{1icL = C g(2)oL = ¢ 8(3)CL = C

CIAGONAL PATRIX B(L1I)
0. 0. 0.

0.
0.
Ce
C.
Q.
0.
Ce
C.
O.
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CASE

4 BY
G.’

4 BY
C.

3 By
O

8

3 8y
V.lLC

3 BY
0.

BIAS NC
41 2AR
42 B2ar

83 BAR
B4 BAR

PRINT F
PTRJIFG
LLFC =
ILFG =

EUFG =

AC ELLECTRONICS DIVISION

c PERFCRMANCE ASSESSMENT OF AIDEC-INERTIAL GUIDANCE ANC NAVIGATICAN SYSTEMS FCR FREE FALL

4 CIAGCNAL MATRIX
0.

4 CULAGCONAL MATRIX
C.

3 CIAGCNAL MATRIX

t5) = C.

3 CIAGTNAL MATRIX
cIceece cvooc.

b CIACONAL MATRIX
Ce

31 CTASCNAL MATRIX
Q.

[SE-

viCTCR = Ce

VECTCR = C,

veCTOR = 0.

vECTICR = C.

€5 BAR = C.

LAGS eses

= 0 PSTRFG = C

< L = Co.

C Iee = C.

c EPL = 0.

3-34

ec2mn)
Ce
8(31)
C.
E{4a)
Ce
BLIL)
0.
B{2L)
0.
[ XN
C.
O.
C.
9.
0.
PGIDFG =

sans [NPUT CATA essse

C.
0.
c. C. C.
C. 0. C.
0. 0. 0.
0.
o] PEMSFG = C PNAVFG = @ PLINFC = O
CLT = C.
Iyt = 0.
EPT = Q.
NUMBER CF CBSERVATICN
OBSERVATIGONS DELTAS
0 0.
c c.
o] C.
c C.
0 Q.
0 C.
o] 0.
[+ 0.
0 0.
o] 0.

CCORDFG = C

PRINFG

[eNeNoNeNoN-NeoleNoNel

GENERAL MOTORS CORPORATION <Béj>

C.
C.
0.

C.
0.
0.
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3.3.1.2 Input Unit Conversion

A capability to convert the input data into internal units is available in the program.

PRppnpy Ry =1 £ 2

'The foilowing set of conversion factors is employed for this purpose.

IUL = input unit of length/internal unit of length

IUT = input unit of time/internal unit of time

The quantities which are converted with their conversion factors are given below.
The outline follows the layout given in the input format 3.3.1.1. The internal data
will be denoted by a superscript id.

TL; KE; KF; RVFG: N/A (not applicable)
TR(O), ..... , R(mid =qaur) ' TRy ... .. R(7)1
TMU(Q), ..... , MU(7Wid = auT)* (IUL)'3 T™MU(®0), ..... , MU®)]

tta, 701 = qum (TA,TO)

[Tq@,..... oy = auTy trray, ... , T(10))

cqay, ..... , C(10) N/A

ROL(L), ..... , RoLao) = quy !t rrony, L L , ROL(10)]
[ROT(1), ..... , an‘(m)’lid = (IUL)'l ROT(), ..... , ROT(10)]
X1%(T1), .. .. , x1erTo) " [ XI%(T), ..... , X1*T(10)
[XZ*(T]), ..... L XerT(10)|  -quiy | Xex(r), ... .. , X2*T(10)
X3*(T1), ..... , X3*T(10) X3*(T1), ..... , X3*T(10)
X4%(T1), ..... , X4*(T10)7 " [ X4%(TY, ..... , X4*(T10)
[xs*('rl), ..... , X5*(T10)| = (@UT)AUL) | X5%(T1), ..... , X5%(T10)
X6*(T1), ..... , X6*(T10) X6*(T1), ..... , X6*(T10)

PRFG: ACTFG; N/A
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TROT(1), ..... , ROT(lO)]id = (IUL)'1 [ROT(1), ..... , ROT(10)]

X1*(T1), ....., X1*T(10) id o [ XIX(TY), ... , X1*T(10)
[XZ*(TI), e X2‘T(10)] = (IUL) [XZ*(Tl), ..... , X2'T(10)]
X3*(T1), ....., X3*T(10) X3*(T1), ..... , X3*T(10)
X4*(T1), ....., X4*(T10) id _ [ Xa%(T), ..... , X4*(T10)
X5%(T1), ..... , XS‘(TIO)} = (TUT)(IUL) ‘:XS*(’I‘l), ..... , xs*a*w{l
X6*(T1), ..... , X6*(T10) X6*(T1), ..... , X6*(T10)

PRFG; ACTFG; N/A

x1(r1)1 9 _, [XuTY) xa(r1y 1 _y [ Xa(T))
x2(r1)} = (QUL) [xz('m)} X5(T1)J = (IUT)@UL) I:Xs(Tl)
X3(T1) X3(T1) X6(T1) X6(T1)
Note, when ACTFG =1 X(T1) is not converted.
TERFG; VELFG; ETA(SQ); GAM(SQ); RV(MIN); KAP; N/A
id
KAP(1) _, [ KAPQ)
lKAP(Z)j\ = (IUL) {KAP(Z) when TERFG = 1
KAP(3) KAPQ)
KAP(2); KAP(3): KAP(1) N/A when TERFG = 2,3
x1*(rA) 1" _y [ X1*(TA) X4*(TA) | _{[ X4*(TA)
lez*am} = (IUL) [XZ'(TA) : [XS*(TA) = (UT)@UL) [XS‘(TA)]
X3* (TA) X3* (TA) X6* (TA) X6* (TA)
id
G1*(TA) 0 . [ GI*(TA)
[GZ*(TA)} = (IUT)" @QUL) GZ‘(TA)]
G3* (TA) G3*(TA)

BSFG; SSFG; HSFG; TRFG; MINFG; CATFG: NOSTAR: EPS(PO); EPS(SO) N/A

(OME)id = (IUT) OME

[RHO(IMAX) id - quL -1 | RHO(1MAX)
RHO(2MAX) L) RHO(]MAX)}
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[RAT), R@T), REDI' = aup™’ [RAT), RET), RED)]

PH(1), PH(2), PH(3), TH(1), TH(2); TH(3); PS1(0); PS2(0); PS3(0) N/A

R1(0); R2(0); R3(0) N/A
id -1
[B(1), B(2), B@3)] = (IUL)(IUT) ~ [B(1), B(2), B(3)]

[B(10), B20), B30)]'® = qun~? [B(0o), B(20), B(30)]

[B(11), B(21), B(31)] N/A

[B(12), B22), B(32)]'% = aun? (B2, B(22), B(32)]

[A(10), A20), A@30)]" = qunaun)® [A0), AR0), A(30)]

(ALY, A@Y, A@D]Y

aut2aqury ! [A(11), A(21), A(31)]

[A(12), A@2), A32)]" )2

IUT)” [A(12), A(22), A(32)]

Il

[A(13), A3, A@3 1Y = aun?aun 2 [Aa3), AER3), A(3Y)]

SET1SQ, SET25SQ, SET35Q

SPS1SQ, SPS2SQ, SPS3SQ,
, N/A
SP1E1 , SP2E2 , SP3E3,

[SRD1P1, SRD2P2, sRD3P3]'d = qumyaur)~! [SRD1P1, SRD2P2, SRD3P3]

[SRD1E1, SRD2E2, SRD3E3]'Y = quT)aur)~! [SRDI1E1, SRD2E2, SRD3ES3]

[SRIRD1, SR2RD2, SR3RD3]' = (UT)auL)~? [SRIRD1, SR2RD2, SR3RD3]

SR1PS1, SR2PS2, SR3PS3 id _ GUIJ-l SR1PS1, SR2PS2, SR3PS3
SR1ET1, SR2ET2, SR3ET3 SR1ET1, SR2ET2, SR3ET3

R4(0); BET(MIN); BET(MAX) N/A
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R4(11); R4(22); R4(33); R4(12); R4(13); R4(23)
BODY; STAR; R(5); POFG; SQRTFG; MASK N/A
K(P)R; K(V)R; MOD; SIG1, 2, 3, 4, 5

11, M1z, M33]| 9 _ qup-2 [Mi1, M12, M33
M12, M13, M23] TUL | mi2, M13, M23
M4, M55, M66 | 2 o [Ma4a, M55, M66 |
’ [ = - ’ ’
| M45, M46, M56 @D UL | mss, m46, M56
= id N -]
M14, M15, M16 | ;| M4, mis, Mi6
M24, M25, M26 | = (IUT)(IUL) M24, M25, M26
M34, M35, M36_ | M34, M35, M36 |

B(1)0; B(1)OL; B(2)0; B(2)0OL; B(3)O; B(})OL: B(4)0 N/A
id -2
[B(IL) MATRICES] = (IUL) © B(IL) I = 1,2,3

[B(1D)11, B(2D11, B(3I)11]id - aun) 2 (Bap11, Be2D1l, B(3D11]

[B(1I)22, B(2D)22, B(3I)22]id = aun®aun~? [BaD22, BEn22, B(3D22]

B(1)33, B(1D)44, B(1I)34
B(2)33, B(2I)44, B(2D)34 N/A
B(31)33, B(3)44, B(31)34

(B(11)13, B(1l)14, B(2D)13, B(2)14 id _ qup-! |B@D13, B(D14, B(2D13
B(3D13, B(3N14 (IuL B(2[)14, B(31)13, B(30)14

[B(1)23, B(1I)24, B(21)23 id - aunyaun: B(1)23, B(1)24, B(20)23
B(2D24, B(31)23, B(3D)24 ) B(21)24, B(30)23, B(31)24

BIAS NOISE N/A

[OBS. DELT]id = (IUT)'1 [OBS. DELT]
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The information obtained from the ephemeris routine ANTR1 is also converted to
internal units. The conversion factors used are

EPL ephemeris length/internal unit of length

EPT ephemeris time/internal unit of time

Thus,

[PLNT L POS VEC]id

1t

(EPL)-I [PLNT L POS VEC]

[PLNT L VEL VEC]'¢ = (EPT)(EPL)™? [PLNT L VEL VEC]
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3.3.2 General Initialization - Block B
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3.3.2.2 Detailed Flow Charts and Equations
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B.2.1 Inputl.C.
z(to) is input
B.2.2 Uncorrelated I.C. for Actual

Generate six numbers x
and with variance Mii(t

(t ) according to a Gaussian distribution, each with mean zero

OS (i=1,...,8).

Let these numbers form the vector
xl(to)

Xt ) = ;
0
xs(to)

Form the initial conditions for the actual trajectory
X(t) = X*(t ) + ()
B.2.3 Correlated I. C. for Actual
Generate a triangular matrix such that
() = Tyt ) &)

where T
M(to) = TM(to) DM(to) TM(to)

DM(to) = diagonal matrix with elements DMii(to)

Generate six gaussian random numbers E"(to) with mean zero and variance DM (tl),
(i=1,2,...,6). The means of accomplishing this transformation is it

defined elsewhere.

Form E‘l(to)
ity = .
§6(to)
xt) = Ty ) E¢)

X() = X*(t) + x¢)
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B.3.1 B

Compute the Greenwich hour angle at TL

G = 100.07554 + .98564735d_ + 2.9015 x 10-13 d2 + w'd
HA o o 1
W' = w/(1+5.21x 1013 d,)
0 < < 0
GHA 360
where
do = integral part of TL - T1950
dl = fractional part of TL - T1950
w = Earth's rotation = (, 00417807417 deg/sec) (86400 sec/day)
'l‘“50 = 2433282. 5 Julian days
TL = _  Julian Date of to- = 0,
The tracker longitudes are therr
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B.3.2 Dimension

INPUT: In this block the overall dimension of the state vector and concomitant ma-
trices and vectors shall be established. This shall be accomplished essentially
through the input values assigned to four flags: SSFG, HSFG, TRFG, BSFG. Based
on these flags Table B.3 can be used to determine DIMFG. This quantity contains

two quantities. The first quantity, saym, designates the overall number of components
of the observation vector z, (t,) (i.e., z is mxl. It also determines the total number
of rows of H, (t,), and the fbta number of columns of K,. The second number, say n,
defined by D G determines the following dimensions.

i X A(tk),. X A(tk), and all other state-related vectors are (nxl)
ii. P, (), Pl (t), M,(t) are (nxn)

iii. H, (t,) is (mxn)

iv. KA(tk) is (nxm)

In the Navigation Block where the gain matrix is computed, the overall gain matrix
K A (t,) is not computed explicitly. Instead, gain matrices K (t relating to particular
instruments are computed which have dimension (nxm'). Inthis case,

k i
¥ m =m
i=1

The m’ are determined from the instrument flag according to the following schedule.

SSFG # 0; m' =1
HSFG # 0; m =3
TRFG = 1,2,3; m' =4

Table B.3 also presents the structure of the H, matrix in partitioned form. The equa-
tions defining the submatrices naturally are given in the description of Block V.

- Hy )
H

2
Hy = Hy
H,

[ Hy
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where H. represents the observation matrix for the ith ingtrument
i
1 ground tracking system No. 1
2 ground tracking system No. 2
3 ground tracking system No. 3

-

horizon sensor
space sextant

54}

N
1

The structure of the H, for each value of DIMFG is described in the table. When Hi
for some 1 is not defined, this should be interpreted as meaning that the H, will not
be of interest in the particular simulation run. (Note: The convention has been
adopted that if only one tracker is used, it must be tracker No. 1. Further, two
trackers imply No. 1 and No. 2.), The structure of the Hy matrix is then

modified by moving the remaining rows up and the remaining columns to the left.

Table B.3 depicts the largest dimension of the Hp with the BSFG # 0 and all the
instruments being used (i.e., TRFG=3, HSFG#0, and SSFG#0). Changing the
setting of these flags changes the DIMFG and the structure of Hp. The number of
rows (m) is established only from the instrument flags, whereas the number of
columns (n) is established by the BSFG and the instrument flags. For example,

1. BSFG =0 H H
TRFG=1{_, = A {_HE_ A F _Hl_Tl_-l
HSFG # 0 A~ | _Hy
SSFG # 0 [HS L H J

and the DIMFG is 8 x 6 i.e., m =8, n = 6.

2. BSFG # 0 Hl HlTl H1T2 0 0
TRFG =1 =H A ] a ik e e
HSFG # 0 A 4 I : S
SSFG # 0 H5 HS 0 0 I

and the DIMFG is 8 x 17 i.e., m =8, n=17
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Note that when the BSFG = 0 all the instruments called by the flags contain biases
as far as the structure of the program is concerned. If it is desirable to simulate
biases in only a subset of the instruments called, then this can be accomplished
through proper input of the initial bias covariance matrices B. and is explained in
detail in Paragraph 4.0. '

The flags also define the structure of the P A(to) and M A (t ). When
o
BSFG = 0
MA(to) = M(to)

When BIASFG # 0, the initial structure will depend upon the instrument flags. When
all instruments are included, then

M(to) 0 0 0 0 0
0 B1 0 0 0 0
0 0 B 0 0 0
= 2
MA(to) 0 0 0 B3 0 0
0 0 0 0 B 4 0
0 0 0 0 0 B
5
where M(to) is (6x6)
B1 is (Tx7)
B2 is (7x7)
B3 is (7x7)
B 4 is (3x3)
B5 is (1x1)

The size decreases in an obvious manner depending upon the values of the instrument
flags HSFG, SSFG, TRFG.
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/]
k: s . af af
o - ™ m ~ M g 5 ”
— . =] | . ]
2 |$%a | SR |83 58 |2
S |58 | 582 |58. |55 |44
> % |828 | 25y |82 8 8= 8 o
2 % |888 83 = £ 88 ol S o
S Xl |88k - O M O M Q= & m
& = 3| = AR AR = m
Tracker No. 1 HlTl Hsz 0 0 0 0
i=1 (4x6) (4x7) (4x7) (4x7) (4x3) (4x1)
Tracker No. 2 H2T1 0 H2T2 0 0 0
i=2 (4x6) (4x7) (4x7) (4x7) (4x3) (4x1)
Tracker No. 3 H3T1 0 0 H3T2 0 0
i=3 (4x6) (4x7) (4x7) (4x7) (4x3) (4x1)
. A -
Horizon Sensor HH 0 0 0 HHB_ 0
i=4 (3x6) (3x7) (3x7) (3x7) (3x3) (3x1)
a
Space Sextant HS 0 0 0 0 HSB— 1
i=5 (1x6) (1x7) (1x7) (1x7) (1x3) (1x1)
—_—
n

Table B.3 Set-up of DIMFG and Observation Matrix Form
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B.4.1 Factor PA(to)

The factorization of P (to) depends upon two things: the overall dimension of P A(t )
and whether or not the matrices to be factored are diagonal. °
As defined in B.3., the M (to) (and, therefore, the P A(to)) is composed of sub-
matrices displayed along t%e principal diagonal M(to), B.(t)..., B5(to). Each
matrix can be treated separately so the largest matrix that occurs is (6 x 6).

The input quantities M
M(to), Bl' . ,Bs.

0’ B B ., B__ define the diagonality of the matrices

0 10° 720°°° 50

If MOO = 0, then M(to) is diagonal and the ith diagonal element of the factored matrix

is
1-Iii(to) =M )

ii(to
All other elements are zero.

For the other submatrices, the instrument flags must be treated. If the instrument
flag (i.e., HSFG) is zero, the corresponding matrix B, is ignored. When nonzero,
the test of the appropriate Bio must be made to determine the diagonality (or lack of
it) of Bi'

Wkhen nondiagonal matrices are involved, the appropriate factorization must be accom-
plished so that T
B, = 51 Bi

B.4. 2 Bias Errors

When there are bias errors, the vector must be generated.

b,

o
n

by
where any or all of the subvectors may not appear. The components of each b, are
generated from a gaussian number generator using the statistic B,. When B, is non-
diagonal, the matrix must be factored (3.4.6.2.1) otherwise the diagonal elements of
B. serve as the variances of the components. This vector will not change during the
course of the simulation run.
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B.5.1 Set Up of TERFG

If VELFG #0, ignore the input TERFG, instead set TERFG according to the following
schedule

VELFG=1,2 - TERFG=1
VELFG =3,4 - TERFG =2
VELFG =5 - TERFG =3

B.5.2 TERFG =1

dp = I
ov = O

T = [3p av ]

B.5.3 TERFG =2

apl
ap = apz
8p3
r(?)
1T =UA
(%p) = *
r(tA)
2T rey) ouey)
(©p ) rtx) e}
3
(op )T = 0
where
M T, . - 11/2
I’(‘ZA) [r (tA) I(tA) ]
_ T . 11/2
V(L) = (v ) vty ]
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-1
dv
Df 2
dv = dv
3
v
1.T
(dv ) = 0
* *
FECINNE O U {
v(E,) v(E,)
u(th)
(av3)T o A
v(Eh)

e x v(th)

where ‘i(tz) =
r(tt) x vt*)|

B.5.4 TERFG =3

3pl

2
Df %
dp = 3
op

3 4

L p 4

*
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2T r(t%) ut})
(3p) = r(t*) X r(t* )
A A
— 0 -
- % ¢
Gp) = T (t%) x v(t*)
|28 * X))
-vy (tH)
IECERGT
-v, (tR)
|Z(tR) x Y|
4 T
(Bp ) = 0
vy (tR)
£ x vt}
where —rx (t*) Vi (t%)
l‘(t*) Pf té . t* Pf tf
A_ ry(A) ’ !(A)— vy(A)
-rz (t;) vZ (t*A)
—a 1]
v
S
v §V3
av4

3=-61
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@vhT =0
vty u(t )
(sz)T = -
v(t ) v(t )
[ o V) |
ST
(avs)T i -, (t%) u v (t )
lze}) xvex )\ [v(t’;)lz
(t;;) v < (t*)
r (%) u v (0 ]
OA )xv(t )| Fv(t"A)]z
4T -u v ()
(aV ) = rv(t;)]z
-r ( uyvz(tZ)
‘r(t )XV(tA)‘ [V(tZ)]z
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3.3.3 Output - Block C
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3.3.3.2 Detailed Flow Charts and Equations
3.3.3.2.1 Output Print Flags - Block C.1

The output flags are used to specify the desired quantities to be printed. The flags in
conjunction with the concomitant program flags establish the overall print format and
the availability of quantities to be printed. The desireability of printing at a specific
time is established by the print flag (PRINFG). The PRINFG is tied to the observa-
tion schedule which is a function of time.

The output format flags are generally tied to the functional blocks in the program.
These flags are input as follows:

State Electromagnetic Linear
Trajectory Transition Guidance Sensors Navigation Approximation
PTRJFG PSTRFG | PGIDFG PEMSFG PNAVFG PLINFG

Each of the flags above can take on several values. The number zero built into
program) is used exclusively to indicate that nothing is printed. The number one (1)
indicates the complete print of all the quantities available (see 3.3.3.2.5). The defini-
tions of all the flag designations are given below.

TRAJECTORY BLOCKS

0 % No trajectory quantities are printed.

1 % All the trajectory quantities available are printed. Note
that when PRFG =0, only the nominal quantities are printed.

PTRJIFG

2 # Prints trajectory quantities excluding the orbital elements.

STATE TRANSITION BLOCK

(= 0 == No print

1 = Print 8(t, t, )i 2,0 ()5 Fh t)

0

PSTRFG T

2 = Print only Mt by

3 = Printonly ¢(t,, t,)

—
]
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GUIDANCE BLOCK

f

PGIDFG <

3-66

0 >
13
2 >

No print

Print all guidance quantities available

Print Tg(ty) ; v Tg dlagonals; A (t;); Rv(tk), trace, volume,
eigenvectors, and  eigenvalues of V(ty), D), N(t); N (tk)

AV (4 6 Tps X' (4) 5 M) 5 Plty) 5 Pyylti)i Poylt)s Paglty)
P44(t)s Pygty)s trace, volume, eigenvectors, and

v eigenvalues of My (t,), M3(tk), P (tk), Ps(tk).

Note that the availability of the P (tk) matrices is

governed by the DIMFG. AV(tk) and AV(t,), and

5Txps t, are printed whenever a velocity correction is
made.

Print ./ T diagonals; Rv(tk) trace, volume eigenvectors,

Jetgenvalues of V(ty), D(ty), Nt ); av Vi) AV (4), 6 Tp;
'(tk), M; P; trace, volume, eigenvectors, 4/ eigenvalues,

Ml(t’k)’ Ms(tk)’ 1(tk)’ P3(t'k)'

Note, Aﬁ (tp)» AV () and 6T A’ tk are printed whenever a

velocity correction takes place.

Print ./ Tg diagonals; ii_ '(tk); trace, volume, eigenvectors,

~ eigenvalues, Ml(tk), M3(tk), Pl(tk), P3(tk).

Note, the following are printed at all the velocity corrections
as they occur:

R v trace, volume, eigenvectors, ./ eigenvalues of V(ty)
D(t), N(t); AV(tk) AV (t); 6 Ty; t, time of velocity
correction.
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PEMSFG <

N

li

2 S

NAVIGATION BLOCK

PNAVFG <

~

C

]

0>
1=
2 =

JEN

No print

TDhaedad ~
Print all the electromagnetic quantities available, Note, the

observation matrices Hyt1(ty), Hitao(ty), 1 =1,2,3, Hg(t)).
Hy(ty) and the measurements Yf(tk), Yyt 1 =1,2,...,5,
are printed as a function of the instrument flags and the
navigation flags Ci, i=0,1,2,...5; i.e., even when an
instrument use is indicated in the input but the specific Ci
indicates that the instrument was not used at the time in
question, then the H, Y*, Y of this instrument are not printed.
Instead print the following comments:

When
Co=0 No observations at this time
TRFG # 0 ;=0 No observations with first tracker
and o =0 No observations with second tracker

§3 =0 No observations with third tracker
HSFG#0 (4 =0 No horizon sensor observations
SSFG#0 (5=0 No space sextat observations
Print Y*; Y, 1=1,2,...,5; STAR; Hypy; BODY. Note,

the last three quantities are printed at each observation
regardless of the PRINFG.

No print
Print all the navigation quantities available

Print zy(t), 1=1,...,5; total gain K(t); 2(t); b (h); x4

X () Pt ) Pil(tk);P'ZZ(tlc);P'aa(é)‘ 445 PLe(t ); trace,
O

volume, eigenvectors, and v/ elgenv f Pit), Pit)

Print z;(ty); g?_(t )i X(4)s g(tk); trace, volume, eigenvectors
and +/eigenvalues of Pj(tk), Pj(ty)-

LINEAR APPROXIMATION

PLINFG

0 S
1=

No print
Print all quantities available
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3.3.3.2.2 Coordinate Conversion - Block C.2

The coordinate conversion option is initiated by the COORDFG (input). When the
COORDFG = 0, no conversion takes place. When the COORDFG # 0, the quantities
delineated below are transformed via an appropriate transformation. At present,
provision is made in this block for a single coordinate transformation. When the
COORDFG = 1, the output parameters are converted from the internal non-rotating
cartesian (1 j k) to a rotating cartesian tangent, normal, radial (t n r) coordinate
system. The rotating system is defined at each time point as follows:

R*(t) X V*(t) R*(t,)
R vyl T B

Thus, the transformation matrix between the two systems is given by

1
f('k)= 0; By Dy

For print purposes, the converted parameters are printed in the same location, in
the print format, as the original parameters.

Nominal
XT* X1* XTD* X4+
XN*| = /(t.k) xe*x| ;| XND*| = ,€(tk) X5%
XR* || X3* XRD* X6*

k % Iy

Actual
XT X1 XTD X4
XN = /é(tk) X2 ;| XND = ,€(tk) X5
XR X3 XRD X6

& Y b Y%

Terminal Constraint Matrix TE

When TERFG = 1,
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Th ) = A, Tgh) £ ty)

< = s L. ”- : 1 1 4 3 4 4
Note, the transformation mairix,( has to De evaluated at tp.

Velocity Correction Statistics

Ve = Ay vt £ )
DRty = A D) £ )
Ny = A NG 2 )

Orbit Rectification Velocity

avie) = Ay ave)
Velocity Correction

se) = A ALY

Aty = A AVE)

Extrapolated Estimate

Ae) 0
~ R k .
x" () = x'(t,)
Wl ey B
Extrapolated Statistics
T
R A o £ &)
Mot = M)
0o At 0
T
R £) o £ )
Pt) = Pt
o At 0

0
pas

0

2
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Best Estimate

At 0
~R k -
X (t) = x(t)
i« o KA &
Filtered Statistics
fe) 0 £6) ©
P'R(tk) = P'(tk) T
0 At o £
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C.3.1 Square Root of Eigenvalues, Eigenvectors, Trace, Volume, Etc.

Compute the Eigenvalues and Eigenvectors of the matrices V; D; N; Ml; My; Py Pa‘
P'l; p' (subject to availability),
3

The traces of the matrices considered are given by

3
=

a
i=1 1

The volumes of the matrices are given by

m VA JT; VX where the A 's are the Eigenvalues.

e

The square roots of the TE matrix diagonals are simply the ~/9.u .

The magnitude of a vector is given by

21/2

2. .2
Vo= (V] 4V, +Vy)

C.3.2 Linear Approximation

Compute:

a. x() = X() - X*()

Note, this computation is done in the internal, as well as converted
coordinates when COORDFG # 0. The internal x (t,) is used in c. below;
whereas, the converted x (t)) is output for print purposes and used in d.
below when COORDFG # 0.

b.  x(t) = x(t) -X(t)
Note, this computation is a function of the COORDFG; i.e., when
COORDFG = 0, use internal quantities; when COORDF # 0, use
converted quantities,

c. Ayl = ¥y -Hpxt) 1=1,2,3
AY,6) = ¥,0) - [Hyt) 0] x(t)

Aygt) = vlh) - [Hgly) 01 ()
Note, these computations are governed by the DIMFG and the navigation
flags Ci i=1,..,5.
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The x (t)), x (to) employed here is in internal coordinates

d. When COORDFG =0
AX(t) = X(Y) - ¥y, t) x(t)
When COORDFG # 0 (=1)

Ax(b) = X - £I) b t) X(ty)

Here x (t,) is the converted one.

C.3.3 Total Gain Matrix K(t,)

The total gain matrix too is governed by the DIMFG and the Cl # 0 flags, l.e.,
when a certain ¢ { = 0, then the corresponding Kl =0,

Set Ai =1I- K1 H1 if=1,...,5, then the total gain is given by

I~

4 A N 4 ~ N ’ Y
Kt) = [AAAAK ~AAAK' AAK' AK K]
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3.3.3.2.4 Output Unit Conversion - Block C.4

For output purposes, the program contains a set of conversion factors that enables
one to convert from the internal units to desired output units. These conversion
factors are:

OUL
OouUT

output unit of length/internal unit of length

output unit of time/internal unit of time

The quantities which are converted with their respective multiplicative factors are
outlined below. The outline follows the functional block layout of the program output
print format 3.6.1.5. Those quantities which are not to be converted are omitted
from the outline.

Conic Break Information

(C. CHANGE TIME) *+ OUT

OUL
OS. D0 ; . D =
P VECS.) UL (VEL. VECS.,) Q)UT
Trajectory
(TIME) - OUT
OUL
(POS. VECS.) * OUL ; (VEL. VECS.) -O—ﬁ ; (NOM. A and ACT. A) - OUL
State Transition
PHI1 PHI2 1
ILet PHI = then (PHI 2) - OUT ; (PHI 3) - OUT
PHI3 PHI4

Guidance

Note, when PGIDFG = 1, unit conversion in this block is bypassed and a comment
to that effect is printed.

1 (3,3 MATRIX TE) - OUL2
(SQ.RT.TE DIAG.) - OUL

TERFG

TERFG

Il
[\V]

(3,3 MATRIX TE)

(TE 11) - OUL2

(TE 12, TE 13, TE 21, TE 31) * OUL
(SQ. RT. TE1l) - OUL
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3,6 LAMBDA
-1
A= -[Ay, 1] @) OUT2 .
(TRACE V, D, N) - (OUL)“(OUT)”

(3,3 MATRICES V, D, N) - (OUL)Z(OUT)-Z
(EIGENVALUES SQ.RTV, D, N) * (OUL)(OUT)-I

(DEL V VEC., DEL V(HAT) VEC) - (OUL) our)t

-1
(DEL V MAG., DEL V (HAT) MAG) * (OUL) (OUT)

(DELTA) + OUT
1,6 X (HAT) PRM.VEC. = [(1,3) X1 VEC, (1,3) X 2 VEC]
[(,3) X1VEC] * OUL ; [(1,3) X2 VEC] + (OUL)(OUT) »

B(HAT)PRM
(1,7) VECS = [(1,9), (1,1), (2,2)]
[(1,4)] - OUL ; [(, D] (OUL)(OUT)"1

_ 3,3y M1 @3, 3)M2
6,6 MATRIX M = <3,3) M2T (3,3)M3>

[(3,3) M1] - (OUL)>
[3,3) M2 ; 3,3 M2"] + (ovnZount

[(3,3) M3] - (OUL)Z(OUT)'2

3,3) P2
6,6 MATRIX P = ((3’3) PL 69
(3,9 P2T (3 3) P3

(3,9 P1] * (OUL)
[(3,3) P2; (3,3) P2T] . (OUL)Z(OUT)—]"
[(3,3) P3] * (OUL)2 (OUT)‘2

7,7 MATRICES PII
@, 4Pl (4, HPI2  (4,2)PI3
P = | (L,L4HPIRZT (1, )P4 (1,2)PI5
@,4P13T (@, P15  (2,2)PI6
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[(4,4) PI1] ° (OUL)2 [(1,1) PL] - (OUL)Z(OUT)—Z

[@4,1) PI2 and 1,4 PI2] - (OUL)0uT) ™}
[(4,2) PI3 and (2,4) PI3] * (OUL)

[(1,2) PI5 and (2, 1) PIST]‘ . (OUL)(OUT)'1

[EIGENVALUES SQ. RT. M1 and P1) * (OUL)
[EIGENVALUES SQ. RT. M3 and P3] ° (OUL)(OUT)~1
[TRACE M1 and P1] - (OUL)2

[VOLUME M1 and P1] + (OUL)"

[TRACE M3 and P3] ° (OUL)Z(OUT)—Z

[VOLUME M3 and P3] - (0{11.)3(0UT)"3

Electromagnetic Sensors Note, when PEMSFG = 1, unit conversion in this block
is bypassed and a comment to that effect is printed.

[NOM. and ACT. MEAS. MAG. RHOS] - (OUL)
[NOM and ACT MEAS MAG. RHODS] - (OUL)(OUT) -

Navigation = Note, when PNAVFG = 1, unit conversion in this block is bypassed
and a comment to that effect is printed.
[OBS. SM Z(1), Z(2), Z(3) RHO} - (OUI)
[OBS. SM Z(1), Z(2), Z(3) RHOD] * (OUL)(OUT)'1
[(1,3) X1 VEC, (1,3) X2 VEC]
[(1,3) X1 VEC] * (OUL) ; [(1,3) X2 VEC] ° (OUL)(OUT)'1
1,6 DELXVEC. = [(1,3) DELX1, (1,3) DEL X 2]
[(1,3) DEL X1} - (OUI) ; [(1,3) DEL X2] * (OUL)(OUT)'l
1,6 X (WIGL) VEC = [(1,3) X (WIGL) 1, (1,3) X (WIGL) 2]
[(1,3) X(WIGL) 1] * (OUL) ; [(1,3) X(WIGL) 2] - (OUL)(OUT) |
B(HAT) Same conversion as B(HAT)PRM

1,6 X (HAT) VEC.
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,6 P(PRM) Same conversion as 6,6 P
7 MATRICES PO(PRM) Same conversion as 7,7 MATRICES PII

]

{EIGENVALUES 5Q. RT. Pi(PRM)] * (OUL)
[TRACE P1 (PRM)] (OUL)? ; [VOLUME P1 (PRM)] - ©oup?®
[EIGENVALUES SQ. RT. P3 (PRM)] ° (OUL)(OUT)'1

[TRACE P3 (PRM)] - (OUL)*(0UT) 2 ; [VOLUME P3 (PRM)] « (OUL)°(0UT)™

Linear Approximation

[SM DEL Y(1), Y(2), Y(3) RHO] * (OUL) |
[SM DEL Y(1), Y(2), Y(3) RHOD] - (OUL)(OUT)-l
1,6 SMDELX = [(1,3) SM DELX1, (1,3) SM DELX2]
[(1,3) SM DELX1] * (OUL) ; [(1,3) SM DELX2] - (OUL)(OUT) -
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PN

3.3.3.2.5 Print Format - Block C.5 .

The print format is composed of two sections, the input print format, 3.3.1.1 and the
output print format, C.5.1. The input format is printed only once at the beginning of
each simulation run. The input format contains all the information pertinent to the
run whether it was part of the input or build in. The output format, however, is
governed by the output print flags and can fluctuate in size. The two formats are
closely tied to the functional blocks of the program. For an outline of the input
format see 3.3.1.1. The most general output format follows.
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3.3.3.3 Purpose of the Functional Block Outputs

FUNCTIONAL BLOCK

General Initialization

Nominal

State Transition

QUANTITY

X))
Pk (to)
b

2, ()
1

il N (to)

M A (to)

DIMFG

X*(t))

R(t))

by

™ (tk)
E*(t,)
F* (tk)
n* (to)
n‘; (to)
e* )
Atk
FILTFG

CENTRFG
Bty t)
$ (tk, tk— 1)
Bty ty)
m o
@(to , to)
m-1 m
§(t0 ,to )
STMFG

M

WHERE REQUIRED

Actual

Navigation

Guidance

Guidance

Guidance

Guidance

Actual

Electromagnetic Sensors
State Transition

Electromagnetic Sensors

State Transition
State Transition
State Transition
State Transition
State Transition
State Transition, Actual

Actual

Nominal

Guidance

Guidance

Nominal

Actual

Output
Output
Output
Output
Output
Output

Output

Output
Output
Output
Output
Output
Output
Output

Output
Output
Output
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FUNCTIONAL BLOCK QUANTITY WHERE REQUIRED
Actual g(to) Electromagnetic Sensors Output
FILTFG Actual
CENTRFG Nominal
CONFG Nominal

Guidance CORRFG Actual
M A (tk) Guidance Output
P A (tk) Navigation Output
X ) Navigation Output
TE Output
)_‘(R (t) Nominal Output
/\(tk) Output
C . Output
d2 (tk) Output
A\?z (tk) Output
n2 (tl\) Output
Ry Output
Aﬁ (tk) Output
AV (t) Actual Output
N\
5T Nominal Output
]
P '\ (tk) Guidance Output
Xy (tk) Nominal Output
Electromagnetic Sensors Hi(tk) Navigation Output
i=12,..000 ‘g_’;‘ ) Navigation Output
Xi(tk) Navigation Output
o Navigation
< Navigation
Rl(tk) Navigation
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FUNCTIONAL BLOCK QUANTITY WHERE REQUIRED
Navigation Z; (tk) Output
X\ (tk) Guidance Output
Ki(tk) Output
. .
P A (tk) Guidance Output
n‘A (tk) Guidance Output
RECTFG Nominal, Guidance
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3.4 BASIC COMPUTATIONAL BLOCKS

3.4.1 Two-Body Interplanetary Nominal - Block I
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3.4.1.2

Detailed Flow Charts and Equations
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I.6.1 Rectify mth Conic

R m 0
) = Re) + AV
R*(t)
m + m - R m = 'k
X =X tx ) Xo) =

Ve
+% _* N

(tA) = (tA)+ §T

where + designates after rectification

- designates before rectification

+
and tA affects only the AT in the last conic.

R .~ m 0
Set AV (t;n') =0 and x (tk )y = ( AY_R) for the next cycle.

I1.6.2 Modify the Remaining Conics

‘R _m+1 m+1 R m
A = A, ) X )

where
m+l m m+l m -1 m
B ) = A ) (e t;")

+1 -
X*(tm+1+=x*(tm1 +xRtm+1
Xet, ) =X*¢t ) +x(t

)

. : . R . +
After computing all the remaining conditions x (tm) and initial states X* (tm) , a set
of new total state transition matrices 45(tm+ , tm)ofor the remaining conics are com-
puted. This set replaces the "old" set for future use. -The AT™'s in all the conics
are unchanged except the last one which is affected by t A
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[.2.1 Preliminary Computations

Compute:

+1
Time in mth conic ATm = t:)n - t;n

Position magnitude R‘(t:)n\ = [3‘“:,) ’ B‘(t:l)]l/z
Velocity magnitude V‘(t:)n) = [x'(t:’) . 1*(t:)“)]1/ 2
Angular momentum vector _l;_"(t::‘) = g*a:’) X y_‘(t:,n)
Angular momantum magnitude h‘(t;n) = [Q‘(t:,n)a }_1‘(t;n)]1/2
From the energy establish type of conic
* m . * m
2 v t,)- Vv t,)

a‘ (t ;n) = m -
RO Lo

m > 0 - ellipse
a* ) -0~ hyperbola
" =0 —~ parabola (stop computations).

m th
where t_ is the initial time of the m~ conic, and the * designates the nominal values.

Since the equations are the same in both the actual and nominal cases, the * super-
script will be retained only in the input and output.

[.2.2 Nominal Orbital Elements with Respect to Orbital Plane

a. a (t;n) > 0 spelliptic case

a(tm) =

ReDY , [RE™): veDTF 12
etp) = (0 - —2 )t s —2—0

a(e) By alh)

If e(tm) S1x 10-6, set e(tm) = 0; E(tm) = 0 and bypass 4.1.1.6, the solution of Kepler's
equatlon; instead compute (te) = E?t}{n_ P +nat.
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R(t:‘)

cos™ ! lm - T ]
_ e(t,)) aft )
E(t;‘) ) V(t )
e(t“‘){ ) (t“’)]l/z}
M
n(t ) = £

aa (t:))

cos E(tm) - e(t:)n

)

1- e(tm') cos E(t :)n)

J1- ez(t:’) sin E(t)

1-et™) cos E¢™)
(o] o]

m
Y
cos (to) =

sin v(to ) =

[E(tm) - e sin E(tm)]

m
T(t) =
° ne)

. .=
booa ) <0 - ayperbolic case

To simplify tae notation, from here on, the functional dependence upon time; i. e.,
« e I oe . . e . .
t(t0 ) wii. be omiitied where it is obvious.

o1
u‘a
@V 1/2
{(1-a hoa }

cosh F = = (1-=)
e a
2.V

sinh F /:I‘F)

® |
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compute T from -al’T= -F+esinh F

where n1 =; 3

cosh F - e
l-ecosaF

2 -
-ve =-1lsita?¥

1-ecosai

Cos vy =

siny =

1.2.3 IZo:istion .fatrix Recomputed at the Si.rt c¢f Zzci New Conic

h
h3e X .
3 nx b Cos Vv sin v 0
-~ = X h—y- -sinv cos v 0 i
N R T]y h S
b
Z A
R "z & 0 o 1
: 2
1 =5xR ,
i.e L (x,h - x_=
€ Mg T oar Ky TRy

Qis computed only once at the beginning of each conic and is used each At up to the
next conic when it is recomputed. In the nominal case, Q is also recomputed after an
orbit rectification.
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I.4.1 Iteration Set-up

Set j =0
= + A
Compute Mk Mk-l n1 tk
Mk-l = _Fk-l + e sinh Fk—l
Let
i <
Fk—l if nlAtk 5
= J em)Y? if |M_| <1
k k'

M if nlAtk >5

sinh ™ (—e—k) if M |>1

Compute

1
2 = = [ -F° + e sinh Fo]
"
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I.4.1 Elliptic, in-plane position and velocity

x(tl;m) = a(t:)n)[cos E(t;(n) - e(t(r)n)]
y(tkm) = a(t:“) J1- ez(t?) sin E(tl;)
X = o™ ne —SLEG)
© ° 1-e(t )cos E(tm)
o k
cos E(tm)
JE) = aD) nh /1= (D T K
1- e(tm) cos E(tm)
o k
note!
r(tkm) = \/xz(t;n) + yz(tkm) = a(t:])[l - e(t:)n) cos E(tl;m)]

I.4.2 Hyperbolic, in-plane position and velocity

x(tI(n) = a(t;n)[cosh F(tkm) - e(t;n)]
v = - a@) /e*¢T) - 1 sinh T

- sinh F(tkm)

:
1- e(t:)n) cosh F(tkm)

cosh F(tm)
a(t(r)n) nl(t;n) N ez(t:)n) -10 k

]
1- e(tzn) cosh F(t;:])

)'c(tgl)

a(tom) n, (t:)n) L

., N
y(tk)
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I.4.3 Vehicle State at t

X))

m
k

Re,)

Vi)

@(t.’,‘ﬁ

0

@(t:,“)_

x(t;:)
o
ylt)
0
:‘:(t:’)
yit)

0

s -
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3.4.2 Explicit State Transition - Block II
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3.4.2.2 Detailed Flow Charts and Equations
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II.1.1 Orbital Elements and Rotation Matrix for cth Conic
Employ equations in I. 2 with m = ¢ to compute orbital elements and rotation matrix.
I1.1.2 In-Plane State Transition Matrix

II.1.2a With E} e E*(tﬁ) or F*(tg) , employ equations in II. 1. 2b to obtain

c —
8T, 0) { = 8" 0) 1.

II.1.2b State Transition Equations

Employing Ek’ compute

b
(1,0 =
Yo%

where the submatrices @i i=1,2,3,4 are given by

3 5 5
1 o1 0 14 15 0
=| s 3 = @ 3
1 o1 oy O % 94 25 0
0 0o & 3
33 0 0 6
L & 0 ]
41 4 44 45 °
¢, =| s % =
3 51 52 O %y LR PY R
0 0 5 0 o &
63 66

When a >0, let sin E(t,) = S,; cos E(t) = C; E@t) = E

or when @ <0, set sinhF(tk) = 8Sy; cosh F(tk) = Ck; F(tk) = Ek

2

] [Ci(1+e - e2) + Ck(2 +e+2e - 63)

_ 1
11 (l—e)2 (1~e Ck)

2 a
~2-5e+2 +3 E S ]
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Tal Vh -2l

(1-e) (1-eC

S, (1-C,)
)k k

l:lll-e%
= (1+) + 5, (2-e) - 3E, C
(l—e)z(l-eCk) [k k k k:]

I S
T (1-e) (l—eCk)

T (1-e)

2 2
[Ck +Ck(—1-29+e )+1]

- da-el S, [-C,(1+e) + 2]

n(l—eCk)A
2 2|
_ lalVli-e 2 a
= o) nlloe Ck) [Ck (2-e) + 2Ck(1+e) -4-e+ 3 Ja] Eksk]
a ——
1 2
n(l-eC,) k
k
2
lal

[s . C (2+e+e2)+28 - 3 (1+e) Eka]

= n(l-e Ck) kk Kk
) Sk|(1-e)|
n
: 2

= 2n 3 [Skcz(“"mz‘ea)+Skck(-2—5e+2e )

ﬂf)ﬂmCQ'

+ Sk(l +e+ 3ez - 03) + 3Ek(ck_e)]

a S

1 2
=|dnﬁ1-e|

3 [eck3-zc:+ck+1-e]
(1-e) (1—eCl)

Ingh-el

(l-e) (1-eC )

3(e+e2) + clf(z + 5¢) -C, (1+e)

5 [Cx

—1—3e+e +3l ]
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nS
552 = k 3 [eCk2~2Ck+1+e-32]
(1-e) (1-eC))
k
-nS
5 . "

63  (l-e) (l-e cY

Q44 = ._.__1"_eq. [Cka(e + e2) - 2Ck2(1 +e) +2C
(1-eck)'

= ’i 2
[} - |a| l1-e I 2

2 2
[S,C, (2e-€") - 8,C, (4+e) +8, (1)

k+1—el

: k 'k
45 (1-¢) (1-eC))
+3 Ek(Ck—e)!
2 fli-e?|
Q .. La'—k___'___[ec 2 _ 2C +2_el
54 loC ).; k k
( k
) ! - [—C“ (2e+e2+e3)+cz(4+5e+592)
55 L3 k k
(l—e(,k)
. 2 . a
‘ - C (1+3e) -2-3e -c +Jla.(1+3) Eksk]
(1-¢e) Ck

Q s —————
66 (1-e C,)
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II.1.3 Kepler's Equation for E*(tg) or F*(tf)

c+l

c
o ~t

Using the orbital elements for the cth conic and Aty = AT® =t e

equations of 3.4.1.2.3 to obtain E*( tf) or F*(tf)

employ the

II.1.4 Position and Velocity at tfc

Using the orbital elements for the cth conic and E*(tf) or F*(tf) for Ep, employ the
equations of 3.4.1.2.4 to obtain X*(t f)

I1I.1.5 Alternate Nominal Initial Conditions for c+1th Conic

ctl

XS = xx) + @

c+1

where X Xetl, o is the state vector (position and velocity) of the central body for conic ¢
with respect to the central body for conic c+1 obtained from the ephemeris tape at
time

c+l c
= + .
To TL CT(to)

II.1.6

With E = E(t;) or F(t;), employ equations in IL 1. 2b to obtain

c —
§T;, 0) = {@(Tk,O)}

C

+1
II.1.7 State Transition Matrix for ct® Conic and &t, , t)

With E. 8 E(tf) or F(tf) and Ek = E(t ) or F(t ), and using the orbital elements
and rotation matrix for the ¢ conlc, employ the equations of II. 1. 7b to obtain

ctl ¢ A A c ,c
Bt t) = {é(tk,tk_l)} = 3, t)

where

C
Bt ) = A 81,0 8,04 €
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and the inverse is obtained as follows; if

®
@(T,0)=(1 k
k ¢ ¢
| %3 4

then QT _ QT
) 4
¢ (7,.,0) =
‘ 5! 57
3 1
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I1.2.1 Kepler's Equation for E*(t;n) or F*(t;n)

. -+
Using the orbital elements of the current conic, and At = AT™ = t:)n 1. t;n, employ
the equations of 3.4.1.2.3 to obtain E*(tf") or F*(t{").
II.2.2 In-plane Matrix for Final Point of Current Conic
With E,. & E(t;n) or F(t;n'), employ equations in II. 1. 2b to obtain
m —
8te, 0 { = &(1,0)
ips _ m+1
I1.2.3 State Transition @(tA,t;n) = B(t,,t )
If m = MF, Q(tA,t;n) = I
+
If m+l = MF, 8¢t = 3¢™,t™) with m = MF
At o o
+ m+l 1 i
If m+l< MF, 8¢t.,t9) = 8¢ ™) = 1 st e
A’f A’o {=MF o 0]

II.2.4 In-plane Matrix for Initial Point of Current Conic
With E 2 E(t;n) or F(t:)n), employ equations in II. 1. 2b to obtain Q('r:)n, 0) { = Q(Tk,O)}

-1 m

II.2.5 @ (TO ,0)
T T
- @1 @2 - §4 - @2
With &t ,0) = & (T _,0) =
o 5 5 o) _ QT @T
3 4 3 1
o m
I1.2.6 State Transition Q(to ,to)
— m —
If m=1, @(to ,to) 16x6
_ m _ 1
If m =2, @(to ,to) = ¥t , to)
P21 i i
If m> 2, ¢ ,t) = 1 ¢t ,t )
o . o’o
i=m
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II.3.1 In-plane Matrix for Current Time tk
Using E, , employ equations in II. 1. 2b to obtain Q(Tk, 0)

II.3.2 Adjust <b(tk,tk_l) Across Conic Breaks

If two consecutive observation times ty_j and t; fall on different conics, an artificial
observation point is introduced at the conic transfer time tgl. Call this artificial time

tl‘('
Now, what we have for @(tk,tk_l) is really @(tk,tl'() and what we need is
3 ! ]
@(tk,tk_l) Q(tk,tk) @(tk,tk_l)

The second matrix is simply @(tl’{,tk_l) computed at the artificial time tk = tf{ and was
saved until now.
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Computed Quantities
Required

(T, 0); T, ,0)
i K

1 -1
< B(TE, T) =R, T =TT, 0) 8 (T, o) )

Rotate ¢ (T;n, Tk)

TGRSRV A R IGINY Al

< Bty t,) = Q(tA,t;n) @(t;n, t) >

— e G PR NS N GEL MY eun wme o Y

Output

Bty t)

3.4.2,2.4 State Transition Between tk and t A Block I1. 4
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Computed Quantities
Required

(é("rlf‘, Y =8, 08T, o)>>

Rotate @(Tlr(n, T(')“)
T
Bty t) =/*(t:)n) BTy T:’)/f* (to)
_..m m
<<<b(tk,to) =3t t:‘) Bt ) >>

3.4.2.2,5 State Transition Between tk and to - Block II. 5
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3.4.3 Two-Body Actual - Block III
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3.4.3.2 Detailed Flow Charts and Equations
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3.4.3.2.5 Actual=Nominal - Block II1. 5

In this block, the actual trajectory quantities required in subsequent blocks will be
substituted by nominal quantities.
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3.4.4 Guidance - Block IV
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3.4.4.2 Detailed Flow Charts and Equations
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IV.1.1 Statistics of Extrapolated Estimate

Compute the extrapolated statistics of the perturbation vector

Mt = St ) M@ )E @, )

1
Now, introduce the following definitions of ¢ A(tk’tk-l)’ P A(tk), P A(tk) in terms of
partitioned matrices.

- n
| et o
bty © oT .
1
u _

where
Q(tk, t’k— 1) ~ (6 x 6) state transition matrix computed in II.

(@) 1 ~ 6 x p matrix of zeros
I ~ p x p identify matrix
The number p is determined in Block B. It is defined by the second number of DIMFG.
pr [P P
Palh) = T
P14 Pl |
-, -
Plt) Pl

Df

Py () =
A VT \

P (6 Poty) |

Then, in terms of these partitioned matrices, compute the extrapolated error in the
estimate.

P ) = &, ) Pyt ) St ) +Q At
where

Q) 0] . . :
_ and Q(t, ) is a (6x6) diagonal matrix
QY "[ 0 0 k -
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or

PEIMREY P | | e, b PG ) E (G, t )R Bt DPIE )
T = y T T 1
P& Poly) Pl B ey Paliy)

IV.1.2 Extrapolated Estimate

Define

where _g(tk) represents the first six components of the state vector
then,

XA = 8t b ) X, )

or,

IV.1.3 Factored Statistics of the Error in the Extrapolated Estimate

Define the factored matrix

AARCR I Y9

i)
A ' T !
i) )

then,

mih) = Fale f ) i )
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or, .
[ T Ty ] [w ) T Bl B )y ) ]
Mm% m || 6 ) ]
Also, T
%(t‘k) = ”Atk) m A(fk)
and
= ' 3 + @n'ln'l $ @n'n'1+ Qn'ln'z
(dm? rr'l + ¢I>rr'1 n'ZT)T ﬂ'lTn'l + né TT'2T

where the time indices have been omitted for notational simplicity.

M) = b G ) M) ® (G b
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IV.3.1 Guidance for r, 8T = 0
VELFG =1
-1
Mt = - [@2 GO EAGN! 1]

where

@(t:\, tk) is the (6 x 6) transition matrix and
*
P By
§(t* ,t = * *
A k) éz(tA, tk) 453(tA, tk)

IV.3.2 Guidance for r, 8T # 0
VELFG =2

M) = M1 —k— 1)

v V
—+* —k
where
N(tk) = - M;l (tz,tk) ®1(t"g,tk) 1]
-Yk = -@ (t tk) v(t
T
1
C _ _zk A (tk)
T ) \)T\)
—k—k

IV. 3.3 Guidance for r,vy,R, 8T =
VELFG =3

M = - A ls 1]
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where
A P 8, (th, t) + oV 8,5, t)
- *x *
B = opa (), t)+av a0, t)
cC =0

T

IV.3.4 Guidance for r,y,8, 8T # 0

VELFG = 4
V, V
2k¥k
= - 1 ]
Aty 1 T TA (t,)
where “k 7k
My = - a’ls 1)
-1
y‘k =-A gc
F(t*
A
Df o %
€. = v(t )
(t*) ]
and i‘(t*) dp )v(t )

v(t ) = (ap ) v(tR) + (8V ) ()
8 e3) = V) &%)
T t
'.Y.k A (tk)
IV.3.5 Guidance for r,v,u

VELFG =5

M) = Nty - ¥
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where M) = - [A—l B 1]
_ -1
l)k -A Zc
where
] | .
A= 0p A (th, 1) + OV B, (Hh,t)
apl
op! = 8p2 3 V! =
8p3
~ (t *
r(tA)
C.= Y (ty)
3 *
ux(tA)
. 1
and r(t*) = 3p v(t*)
‘Y(t ) = 3P V(t )+3V E(t )
(t )= :
u - (4
AT ) x @) |
3 *
uy(tA)+a Y
h t L
= ———————
where u () = T (fA)xv<t*)
T 4
st =op Bt * OV B0 )
bY = ap & (t*,t) + vt b (
L p 14404 3¢ 40

IV. 3.6 Compute Nominal Velocity Correction
AVR(t ) = A(t,) X(t,)
= 'k k" =Yk

3T*= C_ g(tk)

(This branch should only be traversed for orbit rectification.
would have been from the navigation block so the current estimate should be available. )
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! Input Computed

I Quantities Quantities

| Required Required

| 72, 37 A (), M(t)

| P (4

| k

-

l Iv.4.1

| Compute:

Covariance of

Estimated Velocity

Correction
V(tk)

aria
—— Covariance of

i

Iv.4.4

Compute:
Variance
Ratio

IvV.4.2
Compute:

Error in
Estimate

D (t)

Iv.4.3

lCompute Covariance
of Error in Actual
Correction

N (t)

Output

& (t), A (1)

3.4.4.2.4 Velocity Correction Statistics - Block IV. 4
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IV.4,1 Covariance of Estimated Velocity Correction

V(tk) = A(tk)[M (tk) -P (tk)] AT(tk)

where M (tk) and P (tk) and the (6x6) submatrices of upper left-hand corner of
M A(tk) and P A(tk).
IV.4.2 Covariance of Error in Estimated Correction
D(t,) = At P () /\T(tk)
IV.4.3 Covariance of Error in Actual Correction

N(t

—_ 2
%) n2 v, +Y? [Vt 1- Vit

where v(tk)

(]

'2; ]E Bi].(tk)[mij(tk) - pij(tk)]
and

M () = {mij(tk)}
Pt = ()]
MMy = 185¢0]

IV.4.4 Variance Ratio

dz(tk) = trace D(tk)

A\‘fz(tk) = trace V(tk)

nz(tk) = trace N(tk)

a2 t,)

%t,)

<

R =
v

A
AV
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L)

I Input Computed
Quantities Quantities
Required Required

|

I o At

| 7 X ()

| Cr

l IV.5.1

| Estimated

Velocity Correction

and Change in tp

3.4.4.2.5 Velocity Correction - Block IV. 5

Noise
Generator

m B,y

IV.5.2

Actual
Velocity
Correction

Output

A
AV (t,), 8T

AV (tg), CORRFG

;—— uL-—¢-—.—
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IV.5.1 Estimated Velocity Correction and Change in Time of Arrival
AV(t) = M R'(t)
= 'y
8T C'r X (tk)

where gc“_'(tk) is (6 x 1).
IV.5.2 Actual Velocity Correction

Set CORRFG # 0

a1 1]

MT X7y "2

where AVA (t,)
e —

—_ x o
AV (tk)

' = 1' x 1!
-y Tz X

1 = ANt
~Z AN(,)

and
0
2Ny = |-aY,
AVy .

A_\l(tk) = (1 +ﬂ)AV(tk) MT Y cos B
Y sin 8

The v and M are obtained from a gaussian noise generator and have mean zero and
variances —_ —_

2
1+ 0% (1 +0%) 2

The angle B is random number that is uniformly distributed for g ¢ [-m, .
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IV.6.1 Statistics of Estimate

T
PA(tk) = PA(tk) + JN(tk)J
or
, _ T T
P A(tk) = 1 A(tk)n A(tk) +J N(tk)J

and ?vhen SQRTFG # 0, PA(tk) has to be refactored via triangularization routine to
obtain Hl'\(tk).

Jd 1 0 0 ~ (3x3)zero matrix
J = = I H I ~ (3x3) identity matrix
0, 0, 0; ~ px3matrix of zeros

M'(t) = 1+ JlA (t ]FM(tk) - P(tk)][I + JlA (t) ]T +P(t) + I N Jf
Then, set

M(t) =M'(t)
IV.6.2 Estimate

) = R +I oV
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3.4.5.2 Detailed Flow Charts and Equations
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V.a.0 Ephemeris Test

1. If TRFG # 0 and CNTRFG # 0 = Need Ephemeris Tape

2. If HSFG # 0 and CNTRFG # BODY = Need Ephemeris Tape
3. IfSSFG # 0 and MINFG = 2 = Need Ephemeris Tape

4. If SSFG # 0, MINFG = { (1’ and CNTRFG # BODY = Need Ephemeris
Tape.
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V.1.1 Nominal Tracker Information

The range and range rate vector equations are

R ~2yplh) - By

R*(t) - T () -R_(T)

where R | and R oc are the position and velocity of the earth with respect to the
central body (in equatorial non-rotating coordinates) obtained from ephemeris sub-
routine ANTR1. R* and R* are the vehicle position and velocity w.r.t. the central

body, i.e.,

)

I

L)

X*(tk) . X3
R*t)= | X3t v R = [ X2t
X3 Xat)
and

_XiT(tk) ] _riT cos @, cos (8, + wtk)q

Iop = YiT(tk) = T, cos Cpi sin (81 + wtk) 1=1,2,3
] ZiT(tk) ] T.r sin Cpi
0¥ )

Lir T 9% &)
L. 0 -

Define inertial prohe (w.r.t. tracker) positions

- * =

ip
* = Y *
ey ip
z*

| Zip |
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Then the range and range rate from the trackers are

2 .2  _2.1/2
= (X + + Z
PE= Bt Yt 2]
;I‘ .
: g 2]
* _ 1 "1

Elevation and azimuth angle of probe w.r.t. tracker

ro.pf
w; = gin 1 —;%!L—%- -90° < % < 90°
iT Pi
. [ _xrx ]
cos. —_1p
pi"cos \h;‘
L i
nx . 0 <m, < 360°
1 [~ yI* T 1
sin } | ——1ip _
p*cos V*
| i
where
"* r = e + . s e + o_ E
xip sin Cpi cos ( i wtk):sm f:pi sin ( i wtk): cos Cpi Xip
= Y*
i
yt* -sin (8, + wt,) cos (8, + wt ) 0 z*'p
e
P
*
by 2| 1=1,2,3
*
‘vi
t
N

V.1.2 Actual Tracker Information

The equations for the actual values are the same as in V.1.1 except that Xt = XXt

- -

p
Y

Df
Xi - ¥
n
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Vv.2.1 Instrument Covariance

'“';zai “otpt  Tptit “pint

R, = C, 0;2)1 Tout Taint 1=1,2,3
031 Tyint
_Symmetric Uf\ -

Where C U'S are obtained from table look up.

Test p, 2 p:'nax if yes 0"2)1 = 108
if no
oii = b, *by piz *hiy p?
Ugi =a ta (1+ bibi)2 P ta, (14 bi,di)2 pi2 +a, (1+ biﬁi)4

pi and ;')i are the actual values

2
Test pi meax if yes

2
G‘¥i

52
ni

10

n

if no

2
02 .and 0_, as in input.

Vi ni
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V.2.2 Tracker Observation Matrices

ap 9 py Bp
b . ! 0 0 0
aX, X, X,
3y 3 py 9 1y 3y 9 by 8y
3 ) X X )
. %X X, Xy 4 5 Xe
i1
3 ) )
i i 2% 0 0 0
aX, 8X, BX,
9 9 3
i i "1 0 0 0
X, 9X, BX,
-~
8p1 Bpi 8pl
X 9Y Y7 1 0 0
I i “ip
3 py 3 ny 3 py )
— 0 1
aXyp Ay 82y
T
iT2 a4, oy, o9,
0 0 1
X, Yy 97,
871' 3nl ani .
0 0 0
BXyp  BY L 0Z,
S WG O ™
X, X, 8 X, py ()
3 py 3 py 8p, Yy (t)
oX,, - X, ST dYyr  py (t,)
] Py a9 b‘ 9 Py ZlE(tk)
8Xx,, 3%, 3Zy, Py (t)
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80, 1 : o,
™ - T X (t)-0(t) %
oX, o) | o'k 1% X, |
86, . B 8, "]
T~ Y, (t)-0,(t) =
oX, pt) | 1o b - Pty 8%,
8, .. ‘ o0, |
"~ - Z t)-p0.t) 5
oX,, Pty | iphd ~ Pl X, |
: ) ; 5 wX Y: 9p
o, o WY, o, 0 . i ;i _ %,
- X
aXiT &)X1 pi 8Y1T sz Pi 9 iT 2] 3
84’1 3 1 x1T ) xip )
X.  cosy r B 2 9 wl
8%, 1| fithi p, g
- N -
s G Ty sin y
= : 2 {
E)X2 cos 4;1 LriTpi Pi |
%, 1 Zyp 20
ox_ r - Tg Siny
g oo i iTh 2 |
[ ]
o *»  Ar sty ) %,
8XiT cos zpi riT ) ri? i_ oX,
i 7]
8y 1 Y Yt 9
oY -z sy -
T %8¢ | A ro 2
% 1 T SmwT 5
8Z1T cosupl rrh r 2 i 8X3
I IT _
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9 - ] -
—l - + sin (6, + wt,) +11L ___p_‘.;_ - y'; sinqpt 3'1’1

8X1 Xv[’p i k Py BXl p cosllil 8X1 ]
an, . vy foRy N IAWL? ]
_axz ; —'r_"lp 005 (6, +wtk) + -—Epl ———axz - Yip 008'*111 8X2 |

"
aX X |
3 Lp ?1 8X3 p \cos ¢*i 9 x3

o AY Y. e sin ¥\ /8¢, \]
{ 1 it Ip (CH ” 1 i

—— i —— -sin (e + Wt ) - + — e -y

90X, X 1y [ i Ko 2, Yl?r p \8X Ip \cos A

IT

"
dn [ AXy y (a p sin ¥ Y
i 1 T ip 1 ) " { i
9Y { 2 2 8 i
iT xip x2 4 YlT Py YlT P \ cos ‘I’l 9 YlT

iT

n
on, ) [y,p 8 p, ) o sin g\ (24,
— o e—p— -
9 ZtT Xip ] 9 ZlT Iy \cosy 9 ZiT

= + + +
where A Xip cos (Gi wtk) Yip sin (9i wtk)

These partials are evaluated employing the nominal (*) values.

V.2.3 Set Up of Observation Matrix

The observation matrix form is set up in 3.5.1.3 Dimension Block B. 3. It remains
here to place the computed submatrice in the proper locations, and set CO #0
Cl #0 1i=1, 2, 3.
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V.3.1 Nominal Measurement Angles

Three angles are measured by this instrument:

*
1 ng3(tk)

0

1
w
il
:,I

Elevation angle a*

*
pr(tk)
*
g m—l prz(tk)
xe2 0+ xx2 191172
Azimuth angle 6* = p p
*
! : X o1t .
2 1
* *
[Xpbl(tk) + prz(tk)]
H* -1 b
Subtended angle 3°° = sin
R* (t)
pb k

where

- . * = * -
pr(tk) is the magnitude of R pb(tk) R (tk) R be (Tk)

rb = radius of reference body
gbc = position of reference body b w.r.t. central body ¢
*®
prl
x = *
B'pb Xpb2
*
Xpb3
a*
YZ Qf §*
H*
B

V.3.2 Actual Measurement Angles
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The equations are the same as in V.3.1 except that _Pl(tk) = R*(tp).

Test _BH. s BH < BH ; if yes, continue; if no, exit.
min max

V.3.3 Observation Matrix and Instrument Covariance

Ht) = ( H 0 )
tk 3x3 3x3

The nontrivial portion of the H(tk) matrix has dimension (3 x 3). It is represented by
the following matrix.

2 2 1/~
- * E S
- sin a* cos 6* _ 8in o* sin 6* [prl(tk) +Xpb2(tk)]
R* (t) R* (t ) 2
b' 'k *
P pb k Rt
X * *
X b2t X b1t
2 2 2 2 0
* +X* * *
X1 T X pa ) X b1 T X opath)
H# H* H#
“X* X _X*
pr L&) tan B pr o(t,) tan B pra(tk) tan 8
2 2 2
* * *
pr(tk) pr(tk) pr(tk)
L d
T

b
2 2
* -
J Rph(tk) rb

The instrument covariance is given by

*
Note: tan BH =

_ i=1,2,3
Ryt = Ry, j=1,2,3

where the R,.'s are obtained from a table look up as a function of time. Since R 4 is
symmetric, only the non-symmetric elements will be part of the input.

V.3.4 Setup of H4(tk)
The observation matrix form is established in 3. 5. 1.3 Dimension - Block B.3. It

remains here to place the computed submatrices in the proper locations. After
H4(tk) is set up Co and C4 are set # 0.
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V.4.1.1 Star Catalogs

on

The star catalogs will be preassembled and will have assigned catalog numbers. The
particular catalog to be employed will be designated with the input data. The largest
number of stars in any catalog as presently envisioned will be 342.

The NOSTAR input quantity will further restrict the specific star catalog, after it is
read in, to the number of stars designated by NOSTAR, e.g., NOSTAR = 15 means
that only the first 15 stars of the catalog are used.

Each catalog will contain the STAR number j (not necessarily monotonically increasing
integers); the right ascension a; (in radians); and the declination & j (in radians) for
each star. ‘

The catalogs will be used in two modes designated by the MINFG (input). When
MINFG = 0, a specific star j from the employed catalog is to be selected by table
look up in the tima vs. STAR table. When the MINFG = 2, then the star is selected
from optimum observation considerations. In the latter case, the STAR number of
the optimum star selected is available for output purposes.

V.4.1.2 Unit Star Vectors

sj1 cos aj cos b
s.(t =1 s, = sin o, cos®b
A T j ]

s sin 8§

i3 }

j =1,2,..., NOSTAR
V.4.2 Nominal Observable
Y*¢t,) = 6* (t) = cos—1 {st) - ex(t)}-n ﬁs*(t )
5k pb k —tk =pb k S pbk

where

R* (
o ) = - —PX
—pb k

R;b(tk)
r
S* -1 b
B . (t) = sin
pb 'k ;b(tk)
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Bt = Bt - B (M) By =0

Df
r, = radius of reference body b = BODY

Bbc(tk) = position of reference body b w.r.t. central body c

R* = position of probe w.r.t. reference b,
—pb
*
xl(tk)
* = *
R(t,) X5t )
*
x3(tk)

Df
Subscript h = BODY ;b = 0,1,...,6

V.4.3 Actual Observable

S
H M T ] H b 2
Y5(tk) H gpb ; ﬁpb he equations are the same as
in the nominal measurement except that R (tk) - R* (tk).

V.4.4 Observation Matrix

Hgthy = [Hy, H, H30 0 0]

-1 S*
H, = 7 lcos {xsﬁpb(tk) } sjl(tk) - cos {esb(tk)} e"[')bl(tk)]
H = < [cos {x BS*(t )} 8. (t,) - cos (8% (t )} e* (t)]
12 -4l sPpbtic? Byay ob{tid 4 eppathe

1 s*
13 = [eos {xsfspb(tk)} 8,4(t,) - 008 [e;b(tk)} e;bs(tk) ]

A = R* (t ) cos {nﬁs*( )} sin {8* (¢ +nﬁs* )}
pb"k Spbtk sin pb(k) Spb(tk
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V.4.5 Setup of H5(tk)

The observation matrix form is established in 3.5.1.3 Dimension - Block B.3. It
remains here to place the computed submatrix in its proper location. After H5(tk)
is set up QO and C5 are set # 0.

V.4.6 Optimum Observation Matrix

Let

TB* = tan { nsﬂpb (tk>}

co* =\/e; + e*

where

= =
epb(tk)

Compute

3

_TB*e*

-co*

L

~-TB*e*

)

x 3
e3/co

x % *
e} eZ/co

_TR*e*
TBe3

-a* x®
2/co

X ok x
e} e3/co

Partition the 6 x 6 matrix P(tk) into 3 x 3 submatrices as follows

P(t) =

P

P

T
12

(t,)

PlZ(tk)

P22(tk)
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Compute

T T
A* = ET [P () Po(t)] QT(tA’tk) T () W

I:oll(tk) T
* = *
W T(tA) Q(tA,tk) . E (Aij)
Plz(tk)
where - —
0
W1 0 0
0 W2 0 0
W =
w 0
0 0 3
W
0 0 0 4
L _

- _ T
B* = (Bf) = E* P (t)E*

2
*® *
Add the quantity [pr(tk)] R5 to B11

Find aOPT(tk), the angle between 0 and 2™ which maximizes

— —

1
[1, cos a, sin a] A* cos a
sin o _J
T =
[1, cos o, sin a] B* cos o
sin o

— -

Q(a) =

|

. OPT
In order to find « (tk) the following scheme is used.

Q(a) is evaluated at intervals of Aa = 5° until 3 successive evaluations of Q(a) at
@j_1, @;, and @; ., satisfy the following conditions.

Qe ;) < Qe > Q(ay,)

i+l
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When these conditions are satisfied it is assumed that a relative maximum lies in the

interval (aj-j, aj4p). If o; were selected as the value which maximizes Q(«) the
error in a would be < 5°. To reduce this error by half Q'(a) is evaluated at aj_1,

a,, and iy The value of @ in question in then between the two a's for which Q'(«)
changes sign, and if the midpoint of this interval is taken the error in @ is bounded by
2.5%. This "halving" procedure is repeated for a total of 4 times. The error in ¢ is
then bounded by .3125°. The values of & and Q(a) which are finally selected are stored
as relative maxima and when the entire interval [0, 2r] has been searched the global
maximum is picked. In the case where two relative maxima are equal, the one with
the lesser value of « is chosen.

Note that if there is more than oge maximum within the 10° interval that the value of
a selected can be as much as 10 off. However, experience indicates that the maxima

are not close together.

Finally, set

OPT OPT OPT
Ho & = E* +E?* *
1j R*b(t ) { E2J cos « (tk) + E3j sin a (t.k)j
i=1,2,3
OPT OPT . OPT . OPT
H ) = [H,, H, H, . 0 0 0]
K 11 i2 i3
V.4.7 "Optimum" Ideal Stars
Df _OPT
Let Hs(tk) = H (tk)
and the unit star is defined as
11
1
" - i
574 S
11
3
OPT OPT
H11 Hll
S" = =
1 OPT 2 OPT 2 OPT, 2 OPT
/(11>+<H )"+ (H] g ) h
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OPT
oo H
2 , OPT
OPT
. His
83 © T OPT
h
Set
= 1"
st) = s"(t)

V.4.8 Preliminary Computations

R*
- ZpL : ,
* = - = - - t
gp[ (Rpl ) ;T T, cT(tk )
- 4
g = sin’ (g3)
74
R* = R*R
r
B = sin_1 ( ) ; subscript b D BODY
pb R*
pb

R* is the position of the probe w.r.t. body £

s

R* is the position of the body,? w.r.t. the central body ¢ = CENTRFG
ZC 72 0,1,2,3,....6

R* s the position of the probe w.r.t. reference body b. When the
=nb )
reference body is also the central body, b = c.

Ty radius of reference body.

cw = /2 unless over-ridden by an input value.
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The central body ¢ = CENTRFG is a function of the conic m and is part of the input.
The CENTRFG is set in either Block Il or III. The reference body b (b =0,1,2,...,6)
will be inputed in terms of a table look up in time.

V.4.9 Optimum Star Vector Selection

Use V.4.1 to compute unit star vectors s, (tk) from appropriate star catalog. Select

unit star vector S such that it satisfies the following constraints:

1. 85« Bopr> 0
-1 Lok +
2. cos (_s_j gpb) < (pr ew)

3. cosT gy el v B ter)

). *
o sy xen) - thgpp xen)

= Minimum
s xery | hgpp xef |

Designate the unit star vector that satisfies the four constraints above by _s_’(tk)

Set
s'(t) Di s (t}); then compute the nominal and actual observables and the obser-

vation matrix using s (t;).

where
*

E;b(tk) = - R;b(tk) unit vector to reference body b.

[ {OPT
11
_ OPT
Yopr = | Hyy
OPT

| Hig o ]

h(t
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3.4.6 Navigation - Block VI
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3.4.6.2 Detailed Flow Charts and Equations
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If 5 1
i = 4 ,$K= 3
1, 2,3 4

VI.1.1 Uncorrelated Noise

Generate 6 gaussian random numbers with mean zero and variance determined by the
diagonal elements of the R, (t;;) matrix.

variance of jth random number = (1 + 0’1) R; (tk) y ] =1,2,...,

)

These random numbers shall form the vector

— e

i
n 1 (tk)

np)
let

v, (h) =1t

VI. 1.2 Correlated Noise - Triangularization Algorithm

Form a lower triangular matrix TRi(tk) according to the following procedure

Suppose
1 0
o 1 .
T ) = | 2 :
Ri k . a,, :
0
%1 % 1

3-176




2.

3.

o7
AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION C(;Alr’:?

variance UH)

then

o

21

31

41

. i
variance (nz)

then

o

32

42

. i
variance (ns)

then

(o]

43

2
E[n,] = E[vi] Df R} (t)
1
E[v Vo] D R12( K
E[n2 = t
] Ry, )
Efv, v_] (t )
1 3. p K
B[] <tk)
i
E[v,v,] N R}, &)
E[n’ =~ R ¢
['ﬂll 11(k)

i

E[n,] = E[v2] - o2 E[n°] Df Ry, (t) - @y, Ry (1)

E[v, vyl - @y @) B[] Df Rig(t) - @y 31Rl (t)
Emz) R.zz(tk) - O‘leu(k)

Elvy vyl - @y 0 E[ni] D (tk) 0‘210‘41R11(k)
Eln,] N Rzz () =@y Rll(k)

2 2 2 2 2
E[n3l =E[v3] - og E[nll - g, E[nzl

i 2 i 2
Roglt) - gy Ryp ) —agy R (tk)
E[v.v]-a__a,  E 2 - a o E 2
g Vgl ~ ¥gy ¥y BIMI -0y, @, Bl
2
E[n:]
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4. Proceeding inductively, we have in general

i 2 2 2 2 2
i = - E -
variance (T]J,) E[ni| E[vj] ajl [nl] ajz E[n.]

o o E[T]2
jji-1 fi-1 "' j-1

2
E

]

2
Note that if E[nj ] =0 for any j, then the corresponding a[j is set equal to zero.

i 2
Now generate[ gaussian random numbers with mean zero and variance (1+01) E [nj ]

j=1, ..., . These random numbers shall form the vector
[ }
n, ()
" ) o n.lz (t,)
Iy ()

then
Y (tk) - TRi (tk) I]-i (tk)

VI.1.3 Measurements

Y ) = X, 0) - Y )

i
2,(t) = Y, () + Hob +v (t)
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VI. 2.1 Initial Set-Up

Let
R = X))
P”(tk) = PA(tk)
Set

m# 0

VI. 2.2 Sequential Processing

Let

) = X @)

PU(t) = Pit)

VI. 2.3 State Estimation

T T
K (t) = Pt H o (t) [HE) PUe) B () + R (t)]

-1
1 = 1t - 1t
PL(t) = Pt - K (t) H(t) Pt
- " - St
Ep )= X() +K ) [2.6) - Ht) X))
VI.2.4 Estimation for Shorter Word

Set last MASK bits of P"(tk) (i.e., every element) equal to zero.

T T
- pn 1 -1
K(4) = PU(t) H () [HE) PUe) H () +R )]

Set last MASK bits of Ki(tk) (i.e., every element) equal to zero
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PA(t) = PVt - K (6) Hit) P

-~ = A” - '
X, (6)= X'(t) +K ) [z ) - H) 2]

Set last MASK bits of X A(tk) (i.e., every component) equal to zero.




"

SN

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

€ 'IA Yoold - 1931 uew[ey jooy-oaenbg €9 %°§

g

¥z

iy V¥a
m 5 mh

;ﬁ V_m

X113
urer) JuaMWINI}Sul
¥EIA
sox oN
1=t
1+(= .:mmﬁ
Suissaooad
g1juanba
Spaiop J19)I04s UOBIITIST S1EIS 1 .u. . S
J0 uoljBwlISH eg IA ¢ 'C’IA
S'gIA
S9X
dn-jag renul
0=3SVIA

I°¢'IA

indino

(2

(VA ASYIN
paainbay paaimbay J
se1jpUENY se1jIuENY
paindwo) nduj

3-182




AC ELECTRONICS DIVISION GENERAL MOTORS CCRPCRATION 75!:\?

VI. 3.1 Initial Setup

Let
) = Ry ()
M) = 0,
P''(ty) = PA(tk)
Set
m# 0

VI. 3.2 Sequential Processing

Let

X)) = X, ()

ﬂ"(tk) = d:A (t,)
PU(t) = P (t)

VI. 3.3 State Estimation

Let H, represent the jth row of the matrix Hi(tk)’ (i.e., Hi(tk) is the observation
matrik for the i”" observation option 1i=1,2,...,5)

i g "
Jj t,) Hj ) Tt
T
i i i i
= +R.(t
r(t) = ) I )+ Rilty)
Note that R;(tk) represents the jth diagonal element of Ri (tk)

iT
P(t,) Hj (ty)

1

i
K. ()
ik r.t

1)
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«J

1
i i’
Jt)d. (t
il I

i -
aj (tk) =

i
r i (tk)

1
T

CEY - T R i i
() H%HI%%N“@J

[

T
Pyt = Mgy I ¢t

.
- - i i i A
Xyt = XD K ) 17 - Ht) 2]

i .th
where zj (tk) is thej component of the vector zZ, (tk).

Important: Save each Kji for use in VI. 3. 4.
VI. 3.4 Instrument Gain Matrix

Form

A;=a-§ﬁ), i= 2.0

The (n x]) gain matrix is formed as

_ i1 i i i i i1 i i
Ki(tk) = [AfAI_l"'Az K1 AjA,P_l"'A3K2 [}/K/_l Kj]
\—-Y——/ \——Y—‘/ \W—J \w—/

nxl nx1l nxl nxl

VI.3.5 Estimation for Shorter Words

Same equations as described in VI. 3.3 except the following operations must be
performed,

1.  Set the last MASK bit s of every element of Il ", and PU(t)
equal to zero. )

2. After K}(t.k) is computed, set the last MASK hits cf every element
equal to zero.

3. After g A(tk) is computed, set the last MASK bits of every component
equal to zero.
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3.4.6.2.5 Update Estimate - Block VI.
Set N

= = ceeyD
Ki(tk) =0 R i=1,2,

]

X, = X,¢)
Pyt

2.t

It

PA(tk)
k)_=_0 R i=1,2,...,5
and, if necessary,

Ty t) = )

. 3 ' Z +
If MASK # 0; set last MASK bits of PA(tk) and EA(tk) equal to zero.
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4.0 USER'S GUIDE: PROGRAM 284

4.1 INTRODUCTION

Program 284 is organized in such a manner that the desired program complexity and
aiding instrument combination can be simuiated. The specific complexity and/or
combination is established through the different input flags. Initially, all the flags

are set equal to zero, thus, in order to simulate a certain block, the flags and input
quantities pertaining to that block will have to be input. Naturally, in order to simu-
late subsequent blocks which require information from preceding blocks, the preceding
blocks have to be simulated also.

The instrument flags in conjunction with the bias flag establish the overall dimension
of the system configuration to be simulated. The largest possible system configuration
consigts of a (31 x 1) augmented state. Therefore, the largest possible matrices that
have to be handled by the program are (31 x 31). However, due to sequential process-
ing of the data, the largest matrix that has to be inverted is only (4 x 4). The (31x1)
augmented state is set up in this simulation as follows:

X (6x1) position and velocity components
b 1 (7 x 1) 1st ground tracker biases

b 9 (7 x 1) 2nd ground tracker biases

b 3 (7 x 1) 3rd ground tracker biases

p_4 (3 x 1) horizon sensor biases

95 (1 x 1) space sextant bias

The tracker biases b i (i =1,2,3) further take on the form

[ *ip
Xor the three components of the tracker location errors
J *3T
b. = .
=i p tracker range bias
;J tracker range rate bias
¥ tracker elevation angle bias
.\ N tracker azimuth angle bias

The horizon sensor biases are ordered as follows

« local vertical angle biases
b, = o
B planet subtended angle bias 4-1
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The smallest possible state configuration consists of a (6 x 1) unaugmented state. In
this case, the bias flag is equal to zero (i.e., BSFG =0). The bias flag establishes
the desirability of simulating the aiding instrument biases by augmenting the state
vector. The BSFG can have only two values—either zero or one. When the

BSFG = 1. the program is set up to simulate a system configuration containing the
biases of all the specified aiding instruments. There is no direct capability (e.g.,
variable bias flags) of simulating the biases of a subset of instruments from a parti-
cular system configuration. However, one can simulate this situation by properly
choosing through input the initial covariances of the instrument biases. For example,
suppose that the system configuration includes a horizon sensor and a space sextant
as the aiding instruments and it is desirable to include in the simulation only the
horizon sensor biases. One would set the BSFG = 1. This will assure that the system
configuration dimension is set up properly (see B. 3.2 of the program definition). The
space sextant bias can then be eliminated by simply setting it equal to zero, (i.e.,
setting the initial covariance matrix Bg = 0). Other system configuration situations
can be treated in a similar way.

The program is arranged so that one can use any set of consistent input units.
Furthermore, through a proper choice of conversion factors (an input), one can
select different "internal™ computational and output-print units. The sets of units
selected for input quantities, internal quantities, and output quantities have to be con-
sistent. There is no provision for converting only a few quantities. All the quantities
are converted to the same units. It goes without saying that the quantities which are
dimensionless, expressed in degrees and/or radians, are not affected by the conver-
sion factors.

4.2 INPUT SHEETS AND GENERAL COMMENTS

The input sheets are closely related to the computational blocks of the program definition.
All the quantities have symbols above the addresses indicated on the sheets. For a
more detailed definition, one is referred to the program definition. The input units
are also given (where applicable) next to the symbols to facilitate easier input genera-
tion. The address to the left of each line (card) is associated with the first quantity
on that line. Subsequent quantities, separated by commas, have monotonically
increasing integer addresses. If it is undesirable to input certain quantities in the
middle of a card, it is necessary to input zeros for those quantities so as to preserve
the locations properly. For example, suppose that it is desirable to input the radius
of the Earth and Venus but not the Moon and Sun; then that particular entry would look
like

RL(0) RL(1) RL(2) RL(3)

42403] |DEC| |.6378165E4 R 0 ’ 0 ’ .62E4
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The input quantities can be input in either fixed or floating point. In the program, the
and/or quantities are then set up properly.
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4.2.1 Setup and Handling of the Input Tables

There are several input tables with time as the independent variable. Most of these
tables can have a maximum of fifty (50) entries. Generally the input sheets do not
have the total number of entry locations; however, one could always use blank load
sheets to extend the tables if necessary. The main consideration in extending or
setting up of the tables is to make sure that subsequent entries have proper addresses.

There are two ways of entering the addresses of subsequent cards. The first is to
simply increment the address by the number of entries in the previous card. For
example, if the first card has the address of 5 1 5 5 and has 4 entries in it, the
second card address willbe 5 159, e.g.,

TIME ci ca1 c3I
|5 1535 |DEC , , ,
s 15 9| |DEC ) . ]
|5 163 [DEC , ) ,

The second way is to simply place a 1 in column 6 of the subsequent cards, e. g.,

TIME CiI C2I C3l

5 155 |[DEC

L |ijpec]| : . :
| 1{DEC | , , ;

The second method is normally easier to input. However, in the second method,
one would have to input all the quantities on a card to preserve the locations properly.
Thus, if a certain quantity is not used, a zero must be put in its place.

The independent variable of time is set up in such a manner in these tables that the
quantities are used up to the time (t;) specified, e.g.,

t s tl use quantities associated with t;

t <t use quantities associated with t2

2
< tc.
t t3 etc
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4.2.1.1 The Observation Schedule Table

The only time table which is set up somewhat differently is the observation schedule.
In this table, in place of the time, one has an entry specifying the number of observa-
tions (No. of OBS.). The second entry is the observation interval (OBS. DELTA).
The third entry is the print flag (PRINFG). The PRINFG is used to establish the
desirability of printing the output in the interval specified by the number of observa-
tion times At. If

1]
(=}

PRINFG Nothing is printed in this interval

PRINFG > No. of OBS. Then only "exceptional information" is printed in
this interval (e.g., velocity correction information,

etc., see Program Definition - Output Block).

PRINFG

1]

Number less than No. of OBS, then those multiples are printed.

For example,

Case No. of OBS. OBS. DELTA PRINFG
1 6 1 1
2 6 1 2
3 6 1 6

In Case 1, the simulation prints at points 1,2,3,4,5,6.

In Case 2, the simulation prints at points 2,4, 6 plus "exceptional information"
at points in between.

In Case 3, the simulation prints at point 6 only plus "exceptional information"
at the other points.

An added feature of this table is built into the first entry. Suppose it is desirable to
make an observationatt = to It can be accomplished by setting the No. of OBS. =1,
OBS. DELTA =0, and PRINFG = 1, or 0, depending upon whether one wants a print
at t =t  or does not want a print there. If it is undesirable to make an observation
at t =t,, one simply does not input this special first entry.

An important feature of the observation schedule is the input constant specifying the
number of entries in this table. The constant works in this manner.

Suppose that one wishes to terminate a run before t A (time of arrival). This can be
accomplished by specifying the number of entries constant so that a subset of the ’
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making the observation schedule shorter is not adequate, since without this constant,
the last entry in the shorter schedule will be used again and again until t, is reached.
If the observation schedule is sufficiently long to reach t, and one does not wish to
terminate prematurely, it is not necessary to input this constant. However, as a
good practice, it is recommended that this constant should be always input.

overall observation schedule is used until the time in question is reached. Merely

4.2.2 Stacking of Simulation Runs

To study the effects of a single parameter or a group of parameters, one would normally
stack simulation runs. By stacking it is meant that the parameters to be changed are
placed behind the "END" card (see input sheets) of the first run and before the "END"
card of the second run. The "END" card designates the termination of the input for the
run to be simulated. The "END" card has to follow each set of data. The final card

of the last case has to be the "FIN" card which follows the "END" card.

4.2.3 Precautions

In stacking runs with the time tables as the trade-off parameters, some caution should
be exercised. This is particularly true if the subsequent tables are shorter than the
ones they are to replace. What happens is that the shorter table will displace only an
equivalent portion of the previous table. If this shorter table is set up so as to cover
the entire interval to be simulated, then no problem will occur. However, if this table
is to cover a shorter interval, then the remaining interval will use the remaining por-
tion of the previous table.

Special care should be exercised in setting up the observation schedule in stacked runs.
This is especially true with respect to the "number of entries™ constant. If this con-
stant is always input as recommended, then no problems will occur in stacked runs.
However, if one neglects to input this constant every time the schedule is changed,
problems could arise. For example, in studying the effects of the observation sched-
ule, one could have a short schedule in the first run and a long schedule in the second
run. If one neglects to input the "number of entries™ constant in both runs, the number
of entries in the first run will govern the second run which will cause the second run

to cut off prematurely.

In stacked runs, the noise generator number is different in subsequent runs. Thus,

it is almost impossible to reproduce those portions of the program which depend
upon the noise generator.

4.2.4 Input Sheets
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4.3 TRAJECTORY AND STATE TRANSITION BLOCK SIMULATION

4.3.1 Nominal Block and State Transition Block

In order to simulate the nominal trajectory and the state transition blocks, it is
necessary to input only the data and appropriate logic flags pertaining to these blocks.
As was stated in the program definition, the logic is set up in such a manner as to
automatically bypass the remaining blocks. Thus, most of the necessary input data
and flags for simulating these two blocks are delineated on the first four pages and
page 12 of the input sheets (see 4.2.4). All of the symbols used in the input sheets
are defined in the program definition and will not be repeated here.

4.3.1.1 Sample Input

To get a better feeling of how the input is set up, an example is in order. The example
chosen is an Earth-to-Mars leg of a Martian flyby trajectory. The input data as it
appears after key punching follows. Reference should be made to the input sheets,

(see Section 4.2.4) for the corresponding symbols.

9 1 BCl 2B4+sENGINEERSPHONEs WORK ORDERs DATE

9 1 BCI JEPHEMERIS TAPE NOe 2 » STAR CAT, NOo

9 1 BCI »sMART]JAN FLYBYs» EARTH-SUN-MARS LEGs 1973 PERIODINOMe+STeTRANS e

9 11 BCI +INPUT/QUTPUT UNITS KMe AND SECes INTERNAL UNITS KM, AND HRSs

1 1 DEC 244190Be9¢59e115T7T40T74E-4 .
42280 DEC 8121600,1

3 2 DEC 0+3

42403 DEC 637861650 0621816, 8

42407 DEC 3400,0880
3 159 DEC ¢39860320E0699413271544E12
3 163 DEC 44297780E05
14 DEC 060913405845498060895,4998121600,1
4 DEC 09294
25 DEC 4356952279 =6482e31079-928,74152
28 DEC 126598543944 7777418+24¢5604613
31 DEC 12045504 ,E1+-84587T70449=36651899,
34 DEC 22e785127925649755949104941695
37 DEC =4237586929=377794e¢4T79-108552463
40 DEC 669124454496¢254277001a47937562
1 DEC 4
5 DEC 1906091
1DEC 19140E541
1DEC 219349E691
1DEC 29240E591
1 DEC 19190+0+0+0
21 DEC 1914000093600
DEC 1914000092600,
DEC 191000093600,
END

WU W WWWwWwLwww

©® 0~
-

FIN




The first data card containing the Julian Date data (T, and C) is not really necessary
in this situation since the RVFG = 0 and the electromagnetic sensor block is not simu-
lated. However, it is included here to show how it is input. Note that TL =

2441908. 5000000 is input in two parts with two decimal points—one before and one
after the comma. Since the input time is in seconds and the ephemeris time is in days,
the C constant equals 1/86400. The time of arrival (T 'A) is in seconds which is con-
sistent with the input time. The RVFG = 0 indicates that the initial conditions for
each conic are input and not generated in the program. The RVFG = 1 option of this
program should not normally be used, since it is more costly and time consuming to
generate trajectories here than in Programs 281 and 291 which are specifically
designed for this purpose.

The planet radii Ry (I) and gravitational constants MU(I) have to be input in the loca-
tions indicated on the input sheets. In this case under consideration, only the

Earth (I =0), Sun (I = 2), and Mars (I = 4) radii and gravitational constants are
required; however, it is imperative to either input zero (0) or the actual values for
the other constants on the same card so as to preserve the proper locations. Note
that if nothing is entered in the other locations, but two commas are key punched in
succession, this is equivalent to having a zero between the commas. Next, the conic
start times and the central body codes are input. The conic start times are in input
time units (seconds in this case). The central body codes in each conic can take on
the values, 0, 1,...,6. Since, in this case, the central body of the first conic is the
Earth, the second conic the Sun, and the third conic Mars, the center flags are 0, 2,
4, respectively.

The components of the initial position and velocity of each conic are input next. The
only remaining inputs are some sort of observation schedule, (i.e., time advance
schedule), the output flags, and the time conversion constants. The observation
schedule is normally governed by the aiding instruments and its setup is described
in more detail in Section 4.2.1.1. In simulating only the trajectory and state transi-
tion blocks, the observation schedule is simply governed by time advance and print
desirability considerations. In this example, it was chosen to have a print attg, 1 at
100,000 seconds, two prints every 3.9E6 seconds and the remaining prints every
200,000 seconds, up to Tp (time of arrival). The output flags are described in more
detail in the program definition and will not be repeated here. At this time it is only
necessary to say that since only the trajectory and state transition blocks are simu-
lated, the output flags are set so as to print all the information from these blocks.
The remaining data cards contain the unit conversion flags and conversion constants.
Due to the fact that the input and output units were chosen as km and sec. and the internal
units as km and hrs., it is necessary to convert only the time which is accomplished
by the constant, 3600 sec/hr.
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4.3.2 Actual Block Simulation

The actual trajectory block is simulated by a simple addition to the input, namely,
setting the PRFG = 1. In addition to setting the PRFG = 1, it is necessary to establish
the source of the initial conditions for the actual trajectory. The ACTFG determines
this source, i.e., when ACTFG = 0, the initial conditions have to be input and when
ACTFG =1, the initial conditions are generated using a random Gaussian noise gene-
rator and the initial covariance matrix M(to). In the later case, the matrix M(t
has to be input.

o)

4.3.2.1 Sample Input

The additional data necessary (as it appears after key punching) follows. This data
has to be placed before the END and FIN cards above.

11 BCI +ADDITIONAL INFORMATION NEEDED FOR ACTUAL WITH ACTFG=0
54 DEC 1

175 DEC O

168 DEC 437,09-6480,03=-930,0

171 DEC 1265963447542 65632

W W W N Y

11 BCI »ADDITIONAL INFORMATION NEEDED FOR ACTUAL WITH ACTFG=1
54 DEC 1

N O

175 DEC 1

174 DEC O

54 DEC 9.0!9.099.0

57 DEC o25E~49¢25E-41e25E~4

O O W W

Note that in the second case the M(to) matrix was chosen to be diagonal and represents .
a 10 error of 3 km and 5 m/sec along each position and velocity coordinate,
respectively.

4.3.3 Precautions

In simulating two-dimensional planar flights, the nominal and actual trajectories must
be input in the X, and X2 plane when the horizon sensor is used as an aiding instrument.
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4.4 ELECTROMAGNETIC SENSOR SIMULATION

This program has the capability of simulating the following ground based and on~board
electromagnetic sensors as the aiding instruments:

1. Three ground trackers, each capable of measuring range, range rate,
elevation, and azimuth angles

2. (a) Horizon sensor, capable of measuring the two local vertical
angles and a planet's subtended angle

(b) Horizon sensor used as a planet tracker, capable of measuring
only the two local vertical angles

3. Space sextant, capable of measuring the angle between a star and a
planet's limb or a planet's center.

Each aiding instrument can be simulated individually or in combination with another
instrument, the particular combination being established by the instrument flags
which are input.

The simulation of the electromagnetic sensors without simulating navigation and/or
guidance does not yield much information. Thus, one would not normally attempt

to simulate this block without the others. For purposes of illustration, however, the
inputs beiow are given only for this block.

4.4.1 How to Simulate Ground Trackers as the Aiding Instruments

The trackers can be simulated by setting the tracker flag (TRFG) to the proper value
in the input. The tracker flag can have the following values:

f 0, no ground trackers

_ 1, one ground tracker

TRFG = 2, two ground trackers
3, three ground trackers

In addition to the TRFG, it is necessary to input the appropriate data pertaining to the
tracker or trackers. This data consists of the tracker placement (longitude, latitude,
radial distance), the accuracy associated with the tracker system (instrument covari-
ance), and the physical constraints (minimum elevation, visibility criteria, etc.).

The trackers are assumed to be located on the Earth, since normally this would be the
case. However, one could also simulate tracker locations on any other planet through
modifications in the input. The modification consists of placing the planet's physical
constants in the Earth input locations and setting T;, = Tjg5¢ so that the GHA
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(Greenwich Hour Angle) is zero. In the latter case, one should restrict oneself to
simulating only planet approach phases, otherwise one would introduce ephemeris
information which is completely erroneous.

4.4.1.1 The Tracker Instrument Covariance Matrices

To incorporate as much flexibility as possible in the program, the tracker instrument
covariance matrices are input as follows. Each tracker has associated with it a
"covariance flag" [RI(0)] which establishes a priori whether the measurements to be
simulated are correlated or uncorrelated. When RI(0) =0, I =1,2,3, the measurements
are uncorrelated and only the auto-covariances have to be input. The range covariance
can be input either as a constant or as a polynomial in range. The range rate covar-
iance can be input as a constant or as a polynomial in range and/or range rate. The
covariances for the two angles—elevation and azimuth— are input as constants and in
radians squared.

When RI(0) # 0, the measurements are correlated and the additional cross-covariances
are input as constant values. Since the matrices are symmetric, it is necessary to
input only the upper triangular elements.

Each one of the tracker covariance matrices is premultiplied by a constant CI which
is input in a time table with a maximum of 50 entries. This constant can be used for
several purposes. In addition to the elevation angle and visibility criteria, which can
automatically eliminate a tracker from the simulation, one could also eliminate any
tracker in a prespecified time interval by setting the particular CI constant larger
than 1 x 106. A second purpose that these constants serve is in setting up "equivalent"
instruments with modified observation schedules. Suppose that one does not wish to
use an observation schedule which is in one-to-one correspondence to the correlation
times of the trackers. Generally such an observation schedule (e.g., 1 minute samp-
ling interval in DSIF) would be extremely costly to simulate, thus an "equivalent"
schedule which preserves the relationship 02At = constant can be set up so as to save
computer time. The CI constants can then be used to assure that 02At remains con-
stant throughout the simulation run, as long as one has less than 50 different values of
At to contend with.

4.4.1.2 Vehicle Visibility Criteria

The following considerations are taken into account in establishing whether a vehicle
is visible from a tracker. When the central body is not the Earth, two simple tests
are performed to establish if the Sun is between the vehicle and Earth and if the
vehicle is behind the central body planet. The other planets are not taken into account
at present in the program. The two tests are: if

; E 2 €
P po S so
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then the vehicle is assumed to be invisible from any tracker on Earth. The figure
below defines the above quantities. The behind the planet test is based on the assump-
tion that due to the relative distances involved the shadow of a planet, as seen from
earth, is a cylinder rather than a cone.

r (ty) ~

Earth R

Planet ) T

i)z

€ ZCOSBZE :COSB ; € = COSQ ; € = cos o = - 1 -
s so 0 p o R (ty)

po

In addition to the above tests, each tracker is subjected to an elevation angle test to
see if the vehicle is above the horizon. Generally, the angle above which a tracker
can see the vehicle is taken to be five degrees (i.e., ¥j, = 5°). This value is built in-
to the program and can be over-ridden by input also. The maximum elevation angle
that is permissible is built into the program as 1. 356 radians <88 degrees.

4.4.1.3 Precautions

In order to be capable of simulating the range and angular information, it is necessary
to input the quantities plmax and prznax' These quantities are not built into the program
because they are governed by the unit of length used in the input. Normally these

ggal}tities are %max =800,000 kr.n anq prznax = 409,0.00 km. Note that when =z prlnax’

pi !s set to 10° (page 3-157) which, in effect, eliminates the range from the measure-
ment through a large variance. The number 109 is built into the program and is used
irrespective of the internal units. Thus, if the internal units are kilometers the range
variance corresponds to 103 kilometers (10). This is generally satisfactory; however,

if it is desired to use a smaller internal unit of length (i.e., meters), the range variance
of 103 meters would be unsatisfactory. Therefore, the internal constant (106) should

be modified accordingly. A possible modification is to include this constant in the

input unit conversion block.
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4.4.1.4 Sample Input .

A sample input employing the trajectory given in 4.3. 1.1 and using three DSIF trackers
is delineated below. Note that the observation schedule is changed from the one given
in4.3.1.1.The purpose of the change is to give a somewhat more "realistic" schedule,
as well as to illustrate how one would handle the 02At = constant capability. To illus-
trate how this run can be terminated before t,, the "number of entries" constant is
input equal to 2 although the observation schedule has 15 entries. With this input, the
run will terminate after seven observations (1 observation at to and 6 observations on
the second entry card).

In this sample, the DSIF accuracies employed are as given in Table 4. 1.

RANDOM BIAS
0 = 15 meters 30 meters Tracker location
p 100 m. in each coordinate
0. = .03 m/sec. .05 m/sec. sampling interval
P 1 minute
o\il = .05deg. .1 deg.
oﬂ = .05 deg. .1 deg.

Table 4.1 DSIF Error Budget

Note that the tracker accuracies are assumed to be constant and uncorrelated if the
sampling interval is larger than 1 minute. The trackers used are located at Goldstone,
Johannesburg, and Woomera.

The additional and superseding data required to simulate three ground trackers are:

33 DEC ~410+,48999999

48 DEC 800000400000
42360 DEC o41780741E-2
42364 DEC 63784165963784165963784165
42357 DEC 243.205054+274685589136,88614
42361 DEC 354066629-254738769-31421236
2 37 DEC 56095409540

9 1 BCI sMARTIAN FLYBYs E-S-M LEGy 1973 PERICD» 3 GRe TRACKER EXAMPLE
9 11 BCI »ADDITIONAL INFORMATION NEEDED WITH TRFG=3,BSFG=1

2 2 DEC 1

2 31 DEC 3

2

2
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. Data continued

5 155 DEC 36004094,1
1DEC 10800409433333333F~]
1DEC 216C0e014106666667E-1
1DEC 86400409427777778E-2
1DEC 172800409,13888889E=~2
1DEC 1036800400 ¢659444444E=73
1DEC 7084800409434722222€E-3
1DEC 7948800409 46%9444844F~13
1DEC B8035200409,1388888%9F5~2
1DEC 8078B4004049427777778E-2
1DEC 81000004019 4555555656F~2
1DEC 81108004,00416666667E~1
1DEC B8118000409433333333E~1
1DEC 8125000601941

2 7 DEC 04090

43444 DEC ¢225E-3

43447 DEC o4225E~3

43450 DEC o4225E-3

43456 DEC o9E-9

43460 DEC 49E-9

43464 DEC ,9E-9

24 DEC o76154355E-64476154355E-6

26 DEC 476154355E-6+9476154355F~¢

28 DEC «76154355FE~64e76154355E-6

1 DEC 2

5 DEC 1904091

1DEC 1960040091
1IDEC 696004046
1DEC 4918004094
1DEC 3436004092
IDEC 39216004093
IDEC 24432004092
1DEC 1098640040410
1DEC 359172800409 35
1DEC 10486400,0910
1DEC 2+43200409?2
1DEC 242160040191
1DEC 24108004094
1DEC 3+3600,094
1DEC 49180040196
1DEC 1096004004

LS LNV . Ve Ve JEVo ]

Since in this example the BSFG # 0, it is also necessary to input the initial covariance
matrices associated with the tracker biases. This additional information is listed
under navigation in the input sheets 4. 2.4 and is given here.
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4 DEC 01090
75 DEC ¢0194019401
78 DEC ¢0194011,01
81 DEC 40194019601
DEC 09090
93 DEC o9E-319e25E-89430461T42E~-59430461T42E-5
97 DEC o9E-3+9625E~89e30461742E-5+9e30461742E-5
101 DEC oe9E-39925E-8+9e30461742E-5+630461742E-5
1 DEC 14919092931

~NVOoOVOooO 0V
—

4.4.2 How to Simulate the Horizon Sensor as the Aiding Instrument

The horizon sensor can be simulated by setting the "horizon sensor flag" HSFG = 1
and supplying the necessary instrument information. In the simulations, this instru-
ment can be employed in two different modes, either as a horizon sensor or as a
planet tracker.

In the horizon sensor mode, the instrument simulates the measurement of the two
local vertical angles and the half-subtended angle (BH). The subtended angle also
governs the range of applicability of the horizon sensor through the minimum (Brlflin)
and maximum (Br}rllax) subtended angle. In the program, Bg. =00 and Bglax =900 are
built-in internally and can be over-ridden by input. Normally [%m = 50 and

BH = 859, depending upon the instrument under consideration, If the measured
subtended angle is inside the Bgin’ gH range (i.e., BH. < BH < BH x)’ the
horizon sensor information is used, otferwise the horizon sensor is Iglai'minated.

In the planet tracker mode, the instrument simulates the measurement of only the
t\ﬁo 10%1 vertical angles. In order to accomplish this capability, it is necessary that
B in 0 at all times and that the variance of the half-subtended angle be input as a
large value (see 4.2 ). In effect, this eliminates the subtended angle measurement.

4.4,2.1 The Reference Body

In simulating the horizon sensor or planet tracker options, the "reference body"
(BODY =0,1,2,...,6) to be employed at a specific observation must be specified
through input. The input consists of a time vs. BODY table. This table can have a
maximum of 50 entries. This table is also used by the space sextant, thus, care
should be exercised in setting up this table.

Generally the BODY would be equal to the central body of the conic section being
simulated. This is, however, not always the case. For instance, in the heliocentric
phase of a trajectory, one might employ either the departing or approaching planet as
the BODY. In such a situation, one will probably use only the planet tracker mode since
the half-subtended angle is very small.

4-26




K\ )
AC ELECTHRUONICS DiViSIiON GENERAL MOTORS CGRPORATION ’\‘LA'BB)

4.4.2.2 The Horizon Sensor Covariance Matrix
To complete the input for the horizon sensor, one has to specify the instrument
accuracy to be used in the simulation. The instrument covariance matrix elements
are input in tabular form as a function of time. As in the ground tracking case, a
"covariance flag" R4(0) is used to establish whether or not the measurements to be
simulated are correlated. If R4(0) =0, the measurements are uncorrelated and only
the auto-covariances corresponding to the two local vertical angles and the subtended
angle have to be input. If R4(0) # 0, the measurements are correlated and the addi-
tional cross-covariances have to be input also. The two input tables have the form

TIME R4(11) R4(22) R4(33)
9 323||DEC ’ N ’
9 327||DEC R , ,
[9 331 DEC| , , ,
and when R4(0) # 0
TIME R4(12) R4(13) R4(23)

|9 123[[DEC || | ) ’ : ]
l9 127|[pEC|| | , | , , | |

l9 131||DEC , , ;

etc.

The tables can be extended to a maximum of 50 entries by adding 4 to the addresses.
When the horizon sensor is used in the planet tracker mode, it is necessary to
modify the covariance matrix elements as follows:

6
Set R4(33) = large number (i.e., 1 x 10 )
R4(13) = R4(23) = 0
H

In addition to the B, < gH < Bgax test which can eliminate the horizon sensor as
the aiding instrument, one could also eliminate the horizon sensor or planet tracker
in a specific time interval through input. The instrument is eliminated if and only if
R4(11) = R4(22) = R4(33) = 1x 108 in the interval under consideration.
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4,4.2.3 Precautions

The following precautions should be taken in setting up the horizon sensor/planet
tracker.

a. The instrument covariance matrix elements are input in radians squared.

b. The BODY table has to be input.

When using the horizon sensor/planet in a two-dimensional planar case, the nominal
and actual trajectory input must be in the Xy and X2 coordinates.

4.4.2.4 Sample Input

A sample input employing the trajectory given in 4. 3.1 and using the horizon sensor
is given below. The observation schedule employed here is as given in 4.4.1.3. The
instrument accuracy employed is .1 degree random error for a 10 minute correlation
time and .1 degree bias. The 02At capability is used. The instrument is used as a
horizon sensor in parts of the departure and approach phases and as a planet tracker
in the remainder of the trajectory. The "reference body" is BODY = 0,4 which cor-
responds to the departing planet Earth = 0 and the approaching planet Mars = 4.

The additional and superseding data are

1 BCI sMARTIAN FLYBYs E-S-M LEGs 1973 PERIODs HORIZON SENSOR EXAMPLE
11 BCl »ADDITIONAL INFORMATION NEEDED WITH HSFG=1,BSFG=]
31 DEC O
35 DEC 190
55 DEC 854040

323 DEC 36006409430461800E=594304618 E~54430461800E~5
327 DEC 1080040+610153922E-59410153922E~-59410153922€E-5
331 DEC 21600401450769610E~69450769610E-6+1,0E6

335 DEC 86400,09484616020FE~T79484616 20E-791,0E6

339 DEC 172800409442308010E~7+442308010E~75140E6

343 DEC 1036800409,421154000E~79421154000E~7140£E6

347 DEC 4492800409 ,10577000E~79410577000E~T791,0E6

351 DEC 7084800,09,10577000E-79,10577000E~-7+140E6

355 DEC 7948800¢09421154000E-7+421154000E-7+140E6

259 DEC 8035200409,42308010E~794423 BO10E~T7s140E6

363 DEC 8078400409 4B4616020E~7+484616020E=T79140E6

367 DEC 810000040+416923233E~6+016923233E~6+140E6

371 DEC 811080040+450769610E-69¢50769610E-6+140E6

375 DEC 811800040+410153922E~59410153922E~59e10153922E-5
379 DEC 8200000601+ 430461800E-5+,30461800E-59030461800E~5
705 DEC 36004040

709 DEC 108004040

713 DEC 216004040

(S IR TRV IRV BV JEVo BV JVe IV SV JETO BV JRV0 BT JVe VA BV 4 BRVo TN AN I AV B AN JEVe JRVs)
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717 DEC 864006090

721 DEC 1728004090

725 DEC 10368004040
729 DEC 4492800,040
733 DEC 708480040194
737 DEC 79488004094
741 DEC B0352004094
745 DEC 80784004004
749 DEC 81000004094
753 DEC 81108004094
757 DEC 81180004094
761 DEC 82000004004

VLIV LNV RN IRV RV RV RN IRV BV L BRG N 4)

and the initial covariance associated with the horizon sensor biases is

6 82 DEC O
9 48 DEC ¢304618F~554304618E~5,,304618E~-5

4.4.3 How to Simulate the Space Sextant as the Aiding Instrument

The space sextant can be simulated by setting the "space sextant flag" SSFG = 1.

In addition to the SSFG, it is necessary to input data pertaining to the space sextant.
This data consists of the instrument accuracy, the "reference body" BODY, and the
method of star selection to be used. In the program there exist three different star
options that one could use. These options are:

a. Pre-specified input stars when MINFG =0

b. "Optimum" ideal stars when MINFG =1
c. "Optimum™" realistic stars when MINFG = 2 or MINFG =3

In simulating the space sextant, one also has the option of measuring the planet's
limb-to~star angle or the planet's center-to-star angle. These options are exercised
by setting ng = 1or 0, respectively.

4.4.3.1 The Space Sextant Covariance

The space sextant random instrument error Ry is input as a function of time. The
input is in radians squared. The location of this input is in the TIME vs. BODY
table on Page 9 of the input sheets. This table is also used in the horizon sensor
case (see 4.4.2.2). Care should be exercised in setting up this table. This is
especially true when the 02At = constant capability is used since then the table is also
tied in with the observation schedule.

The space sextant can be eliminated as an aiding instrument in a specific time interval
by setting Rg > 1 x 106 in that interval.
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4.4.3.2 The Reference Body

The "reference body" BODY employed by the space sextant is the same as the one
employed by the horizon sensor (see 4.4.2.1). Thus, when both on-board instru-
ments are simulated in the same run, they will use the same BODY. The program
does not have the capability of using different reference bodies for the horizon sensor
and space sextant.

4.4.3.3 Pre-Specified Input Stars

The program has the capability of using pre-specified stars at pre-established time
intervals. The star to be used is established from a TIME vs. STAR table which is
located within the TIME vs. BODY table. In order to use this option, one needs to
input a star catalog that contains the star numbers (STAR). These numbers do not
have to be monotonically increasing (see program definition). The star catalogs used
can be either from the library of catalogs or one could set up a new catalog. In this
option, no testing is done in the simulation to see if a star is behind a planet or other-
wise invisible. It is assumed that the stars called out in the input have been selected
properly.

4.4.3.4 "Optimum" Ideal Stars

In the "optimum?" ideal star option (MINFG = 1), the optimum direction which would
minimize the trace of the terminal constraints is established in the simulation. A
star is then assumed to exist along this direction. This star is then used in simula-
ting the measurement. Here too, no testing is done to see if such a star (if it existed)
could possibly be obscured by other bodies.

The terminal navigation constant matrix used here can be weighted by a diagonal
matrix W. With this weighting matrix, one has the capability of weighting the con-
straints as well as taking into proper account the dimensions involved. The latter is
especially important when the constraints have different dimension, e.g., whenr, v,
and 6 are used. The W matrix is built-in as an identity matrix and can be over-
ridden by input.

4.4.3.5 "Optimum?™ Realistic Stars

In the MINFG = 2 option, after the "optimal" direction h is established, the stars from
a realistic catalog are investigated to establish the "best star satisfying a set of con-
straints (see page 3-171). In the MINFG = 3 option, each star from a realistic catalog
is used in computing Q(a), and the one that yields the largest value for Q(e) is used in
computing the measurement. Both options select the same stars; however, from the
computations involved, MINFG = 3 option is more efficient when the catalog has less
than 50 stars.
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In addition to the instrument covariance R(5), BODY, and MINFG, one has the capability
of specifying tolerances (¢ =0,1,...,6) on the subtended angle of the planets. These
tolerances are used in the constraint equations. One could also restrict the allowable
stars to a specific part of the sky through the input constant €w+ This constant is built-
in as ¢ = 180 degrees and can be over-ridden by input. For examplie, €w = 90 degrees
restricts the allowable stars to the forward half of the sky (see Figure below).

4.4.3.6 Sample Input

Sample inputs employing the trajectory given in 4. 3.1 and observation schedules given
in 4.4. 1.3 are outlined below. The instrument accuracy used is .1 degree random
error for a 10 minute sampling rate and . 1 degree bias. The 02At = constant capability
is employed here. The reference body used is as given in 4.4.2.4. The additional

and superseding data needed in each star option are:

Case a.

11 BCI sADDITIONAL INFORMATION NEEDED WITH SSFG=1sMINFG=OsBSFG=]
31 DEC ©
35 DEC 0»1
42 DEC 0925
705 DEC 360040904+430461800E~5+5
1DEC 1080060909,10153922E-5,2
1DEC 2160060904450769610E~61+4
1DEC 8640040909484616020E~7412
1DEC 17280040909,42308010E-7+3
1DEC 1036800409019 ,421154000E-7+15
1DEC 449280040304410577000E-7945
1DEC 708480040444 410577000E-7921
1DEC 794880040944 421154000E~7+58
1DEC 803520060045 442308010E-7420
1DEC 8078400400449 ¢846160205~-749
1DEC 810000040045 416923233E~6+35
1DEC 8110800400445 450769610E~6191
1DEC 811800040+49410153922E~5450
1DEC 8200000609449 630461800E~-546

N NN OO

4-31

1 BCI sMARTIAN FLYBYs E~-S-M LEGy 1973 PERIODs SPACE SEXTANT EXAMPLI



AC ELECTRONICS DIVISION GENERAL. MOTORS CORPORATION ?&Cﬁ) '

6 92 DEC #30461766E=5

2 27 DEC 1]

42181 DEC =2255,514592944,4825¢667450259
42184 DEC 84501671416,101866451,,8065046
7 1 DEC 19192929341

42418 DEC .176028E 01, -, 290796E 00*
424.21 DEC .167152E 01, -.919327E OOt
d °
L .

43438 DEC 4329 ¢584528E Ol —¢276537E~01% 3497 140 240 WITH ECL STARS
43641 DEC 436s o50448TE Ols «930187E O0%* 3,98 140 240 WITH ECL STARS

Case b.

1 BCl sMARTIAN FLYBYs E-S-M LEGy» 1973 PERIOD» SPACE SEXTANT EXAMPLE
11 BCI »ADDITIONAL INFORMATION NEEDED WITH SSFG=]l +sMINFG=]sBSFG=1
42 DEC 1

705 DEC 360040909430461800E-5

709 DEC 108006090+410153922E-5

713 DEC 2160040909450769610E-6

717 DEC 864C0,0+0s,84616020€E~7

721 DEC 17280040+09,42308010E~7

725 DEC 103680040909,421154000E~-7

729 DEC 449280040+09410577000E~7

733 DEC 708480040549410577000E~7

737 DEC 794880040949421154000E-7

741 DEC 803520060949 442308010E~7

7645 DEC 807840040149 484616020E~7

749 DEC 810000040+49416923233E~6

753 DEC 811080060149450769610E-6

757 DEC 811800060049,10153922E-5

761 DEC 820000040049 430461800E-5
42181 DEC =2255e5145929444,48259667,50259
42184 DEC 8,5016714+6,1018664131,8065046

VOOV WUROVWMBARIWMARM NN

Case c.

9 1 BCI sMARTIAN FLYBY» E-S-M LEGs 1973 PERIODs SPACE SEXTANT EXAMPLE
9 11 BCI +»ADDITIONAL INFORMATION NEEDED WITH SSFGsl sMINFG=2sBSFG=1]

2 &2 DEC 2925

42410 DEC 180403541940592,0

42414 DEC ¢19e0594159415
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In Cases a. and c¢. above, it was assum a r catalog No. 1 from the catalog
library is employed. In Cases b. and c., the terminal constraint conditions must

be input, see below.

(
N

4.4,3.7 Precautions

When the MINFG =1 or 2, the trace of the terminal constraints is used to establish an
optimum direction. Under these conditions, one must input the TERFG, the nominal
state X*(t}), and when the TERFG = 3, the nominal acceleration G*(t*). If the
TERFG is set to zero inadvertently the program sets the TERFG = 1 automatically.

4.5 NAVIGATION SIMULATICN
In the navigation block simulation, the measurement data generated in the electro-
magnetic sensor simulation are processed to obtain
a. A new estimate of the state - X
b. The statistics of the error in the estimate - P.
If one simulates more than a single aiding instrument, the data are processed in a
sequential fashion, i.e., each instrument is treated independently. In this block, one
has the following capability:
Process the data via a "regular" Kalman filter
Process the data via a "square root™ Kalman filter
Masking
Decide on orbit rectification

Introduce a priori statistics error

S W N

Introduce a "fudge factor" for the computational and dynamic model
errors.

4.5.1 Kalman Filter

4.5.1.1 "Regular" Kalman Filter

In simulating the navigation block, one would normally process the data using the
"regular" Kalman filter. However, when all the measurements that are to be simulated
are uncorrelated, one has also the option of using the "square root" Kalman filter.

The "regular™ Kalman filter will be used when the SQRTFG = 0. This is always the
case unless SQRTFG is input otherwise.
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4.5.1.2 "Square Root" Kalman Filter

When the SQRTFG =1 is input, the program will process the data in the square root
mode. In this mode, it is mandatory that all the measurements be uncorrelated ,
i.e., all the instrument covariance matrices set up in the electromagnetic sensor
block are diagonal. In the program there exists no capability of processing the data
using both modes in the same simulation run. The advantage of using this mode is
that the matrix inversions involved in computing the gain K(ty) are eliminated. Also
this form of computing preserves the symmetry property of the covariance matrix
P(t;). The disadvantage of this option is that it is more costly to simulate when the
state has a large dimension.

4.5.2 Masking

The program has the capability of simulating an "equivalent" shorter word length by
masking the last number of bits specified by the input MASK. Normally MASK = 0.

4.5.3 Orbit Rectification

The decision regarding the desira%ility ofRan orbit rectification is made in the Naviga-
tion block. The input constants K "and Ky, are tested against the normalized position
and velocity traces of the covariance matrix to establish if an orbit rectification is
desirable. Normally these constants should be input as less than 1 (i.e., KR < 1,

< 1) this will assure one that no orbit rectification takes place until the knowledge
of the state has improved.

4.5.4 A Priori Statistics Error

In the program one can introduce errors in the a priori statistics through the ;5
i=1,2,3,4,5 constants. These 0; constants are used in computing the noise on the
measurements. Note that the Oi's are tied to the specific aiding instruments, i.e.,
0; is tied to tracker number one, etc. Note also that the same error (0j) is used in
all the measurements of the same instrument. There is no provision for simulating
different a priori statistics errors for the different measurements of the same
instrument.

4.5.5 "Fudge Factor" to Account for the Computational and Dynamic Model Errors

To account empirically for the computer round-off and truncation errors and the
dynamical model errors, the user of this program has the capability of adding to the
variance equation a "fudge factor matrix" Q(t). This matrix is assumed to be a (6 x 6)
diagonal matrix. Even when the state vector is augmented, the dimension of this
matrix does not change. The elements of this matrix are input in tabular form as a
function of time. The input table can have a maximum of ten entries and has the form
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D

TIME Q1 Q22 Q33 Q44 Q55 Q66
[_525) [P | ST SR ]
9 532|[DEC]| ; , , , , , |
I
I

L

-
L=l
(@]

W
W
[{e}

4.5.6 Precautions

When using the "square root" Kalman filter, one has to be careful with the input.
There are no diagnostic tests to establish if the input is consistent with this option.
It is up to the individual using the program to make sure that the input is consistent.

When using the "fudge factor" table above, note that there is not enough room on the
cards if the Q values have too many significant figures.

4.6 GUIDANCE SIMULATION

The purpose of the guidance block is to simulate the midcourse velocity corrections
based on a set of constraints. This block can be simulated by setting the VELFG to
the desired value. The VELFG has two functions

a. To set up the proper "terminal constraint flag® TERFG

b. To specify the guidance law to be used in computing the velocity
correction.

The VELFG can have six (0, 1,...,5) and the TERFG, four (0,1, 2, 3) different values.
For a detailed definition of the VELFG and TERFG, see the program definition.

It is sometimes desirable to simulate only the terminal constraint statistics without
velocity corrections. In such a situation, one inputs the VELFG = 0, as well as the
desired TERFG. Note that when the VELFG # 0, the TERFG is set up automatically
and the input TERFG is ignored.

To complete the velocity correction input, one needs the following additional information:

1. The engine characteristics; magnitude 1’1 and dlrectlon Var1ances
One can also input the a priori statistics errors in n o' and Y2, o'

2. The nominal state at t;,’ i.e., X*(t*)

3. The nominal acceleration at tz, i.e., G*(t*) This quantity is required
only when the VELFG =4 or 5.

4. The velocity correction criteria ®, Ry . , %, i=1,2,3,4,and V
min’~ 1 ? m
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Due to the fact that the linear gu1dance laws employed become singular at th A, the
program tests on time (ti 2 Xt2) to establish whether the guidance law and velocity
correction computations should even be considered. The constant % is built in as equal
to 1. The desirability of performing a velocity correction is based on a statistical
consideration. A velocity correction will normally be performed if the quantity

Rv £ Rypin- Even when the Ry, test is passed, the program has the additional option
of testing the square root of the diagonal elements of the terminal constraint matrix
NTEjj. I the \/i‘fu_'s satisfy the conditions specified by %j again, no velocity cor-
rection will be performed. In addition to above tests the magnitude of estimated
velocity correction |.A\“7l is tested against Viyin and if satisfied the velocity correction
is performed. B

At present, there is no provision for specifying the velocity corrections at pre-
established points along the trajectory.

4.6.1 Precautions

The T2 and Y2 are input as the variances of the engine characteristics (not the standard
deviations); Hi2 is the magnitude variance in (percent)2 and Y2 is the direction variance
in (radians)2.

The \TE;j; < % test is performed in the internal coordinate system when the
COORDFG =1 and the TERFG = 1, thus care should be exercised in inputting the #;'s.

4.6.2 Sample Input

The additional guidance input, that could be used with any of the preceding inputs, is
outlined below. The guidance law employed in this sample corresponds to the fixed
position vector and fixed flight time constraints. The engine characteristics corre-
spond to a 1 percent error in velocity magnitude and a . 1 degree error in velocity

direction. The velocity correction ratio criterion is RVmin =.1

9 1 BCI sMARTIAN FLYBYs» E-S-M LEGs 1973 PERIODs SPACE SEXTANT EXAMPLE
9 11 BCI +ADDITIONAL INFORMATION NEEDED WITH GUIDANCE

2 27 DEC 01

42267 DEC 160E-4+9,304618E~5

42279 DEC 1}

42181 DEC =225545145929444,48254667,50259

42184 DEC B8645016714661018664+1,8065046

7 1 DEC 14193929350

4.7 OUTPUT

Through the output block, one can control the quantities which one wishes to print,
as well as the computations to be performed so as to aid in the interpretation of the
results. The desired quantities to be printed in any simulation are specified by a set
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of output flags. These flags are tied to the functional blocks of the program. For a
detailed definition of these flags, one is referred to the program definition.

4.7.1 Output Computations

The computations performed in the output block consist of:

1.

Coordinate conversion, when COORDFG = 1. Only a subset of all
the quantities is converted to the new coordinates, see the program
definition. Care should be exercised in interpreting the results when
the state is augmented, since the entire state is not converted.

Output Computations

a. Computation of eigenvalues, eigenvectors, traces, volumes, and
vector magnitudes. These computations are governed by the
output flags, i.e., if a quantity is not required for print, its
corresponding computation is not performed.

b. Linear approximation, when PLINFG # 0. This computation
is not valid when orbit rectifications and/or velocity corrections
are to be simulated.

c. Total gain computation. The total gain matrix is always
computed in the internal coordinates and internal units.
Thus, care should be exercised in analyzing this matrix.

Output unit conversion, when OUFG # 0. For output purposes, the
program contains the capability of converting the results to a set of
units other than the internal ones. The quantities which are converted
are governed by the output flags. Under certain circumstances, i.e.,
PGIDFG =1, PNAVFG =1, PEMSFG = 1, no unit conversion in these
blocks is undertaken.

4.7.2 Precautions

One should note that not all the quantities are coordinate transformed when COORDFG = 1.
One should refrain from using the output flags PGIDFG =1, PEMSFG =1, and

PNAVFG =1. These values should be used only when it is necessary to check some-
thing out in these blocks, keeping in mind that when these values are used, no unit
conversions will take place in these blocks. Care should be exercised in analyzing

the total gain matrix since it is always printed in internal program coordinates and

units.
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AN

7 1 DEC 19193929351

9 21 DFC 151409350060
8 1 DEC 191409360043
8 4 OFC 191409350040

4,8 UNSATISFACTORY PROGRAM OPTIONS

At the present writing, the following program options have not been checked out or
are inoperative.

1.

4-38

The Square Root Kalman Filter option used in conjunction with any of the
guidance policies is inoperative. To make this option operative, it is
necessary to change the subroutine MODESL so that it agrees with the
equations on page 3-145 when the SQRTFG # 0. The Square Root Filter
is completely operative in the Navigation mode.

The present orbit-rectification option has not proved to operate satisfactorily. ‘
To remedy this situation, a major program change would be necessary.

Guidance Law #5 has not been completely checked out.

The linear approximation of the state is not computed properly after a
velocity correction and/or an orbit rectification (present option). To

correct this computation, it is necessary to reinitialize the x (t;) and

@(tk,to) in Block C. 3.2, page 3-73.

In the variable time-of-arrival guidance laws, the perturbation at the
time-of-arrival x (t5) is computed as the difference between the actual
state and the original nominal target state; i.e.,

x(t, = X(t

) - XD

A)
rather than

x(ty) = X(t,) - X*t,)

Because of it, the error in the estimate x(t A 18 computed incorrectly only
at the time-of-arrival. To correct this computation, it is necessary to use
the second version for x(t,) in computing x (), i.e., .

xt,) = £, - [X¢,) - X*(t,)]
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5.0 OPERATOR'S GUIDE: PROGRAM 284

5.1 GENERAL INFORMATION

Program 284 was originally written by the Los Angeles Laboratory of AC Electronics
n FORTRAN IV for use on an IBM 7040.

This description and discussion pertains to a particular version of Program 284 that
was compiled and executed on the IBM 7094.

It should be noted that any attempt to compile and/or execute the program under any
system different from that described below may require modifications.

5.2 MACHINE CONFIGURATION

Program 284 was compiled and executed on an IBM 7094 Mod II computer using an
IBM 7090/7094 IBSYS Operating System Version 13.

Table 5-1 contains the unit table configuration used under this system.

Because of its size, Program 284 operates as an overlay job and during execution, the
system and the program use almost all of the 32 k storagecells available. Also,
during execution four utility tape units (described below) are used in addition to the
standard input and output units.

5.3 TAPE USAGE

Program 284 requires four utility units, three of which are referenced by the logical -
designations 1, 2, and 3. These four units are used as follows:

SYSCK2 The links of the overlay feature are stacked here.
SYSUT1 (logical 1) An ephemeris tape (if needed) is mounted here.

SYSUT2 (logical 2) This unit is used briefly by the input portion of the program,
but is used primarily as an intermediate output tape on which
all possible output is passed in binary form from the calcula-
tion portion of the program to the output portion of the program
where the desired information is printed.

SYSUT3 (logical 3) This unit is used to pass the stacked input cases (in both input

units and internal working units) from the input portion of the
program to the calculation portion of the program.

5-1
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LOGICAL
FUNCTION SYMBOL PHYSICAL FORTRAN IV
Library 1 SYSLB1 Al
Library 2 SYSLB2 Unassigned
Library 3 SYSLB3 Unassigned
Library 4 SYSLB4 Unassigned
Card Reader SYSCRD RDA
On-~line Printer SYSPRT PRA
Card Punch SYSPCH A9
Output SYsSOu1l A3 6
Alternate Output SYSOU2 A3
Input SYSIN1 B3 5
Alternate Input SYSIN2 B3
Peripheral Punch SYSPP1 B4 7
Alt. Peripheral Punch SYSPP2 B2
Check Point SYSCK1 B5
Alternate Check Point SYSCK2 B5
Utility 1 SYSUT1 A4 1
Utility 2 SYSUT2 B1 2
Utility 3 SYSUT3 A2 3
Utility 4 SYSUT4 B2 4
Utility 5 SYSUTS Unassigned
Utility 6 SYSUT6 Unassigned
Utility 7 SYSUT7 Unassigned
Utility 8 SYSUTS Unassigned
Utility 9 SYSUTY Unassigned
ATTACHED UNITS NOT ASSIGNED OR RESERVED

Ab

A6

A7

As

A9

B6

B7

B8

B9

BO

INTER SYSTEM RESERVE UNITS
None

Table 5-1. Version 13 Unit Table Configuration
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Since units SYSCK2, SYSUTZ2, and SYSUT3 are written and read by the system and
the program during the run, no special considerations need be given them except that
SYSUT2 has a full reel of tape mounted on it for large jobs.

Since SYSUT1 contains the prewritten ephemeris tape which will be read via FORTRAN,

the density at which the tape is written and the density at which the unit is set should
be compatible with the FORTRAN file defined for the unit. Since an ephemeris tape
written at 556 bpi was used on a channel set at the 800 HI/556 LOW density setting, a
file card was included to define the file associated with unit SYSUT1 (logical 1) as be-
ing low density. This is necessary since FORTRAN files are normally set to high
density.

An ephemeris tape is not required for all jobs, and the program will halt for the
operator to mount the tape only if it is needed. The halt is a FORTRAN PAUSE 1,
which appears as a program halt with 1 in the AC. At this point, the operator must
mount the required tape and press START to return control to the program.

The ephemeris tapes used by Program 284 are the standard JPL ephemeris tapes
covering the following dates:

EPHEMERIS TAPE FROM TO
1 243 3280.5 244 0584.5
2 243 9500. 5 244 6796.5
3 244 5708.5 245 1548.5

5.4 DECK ARRANGEMENT

Basically, Program 284 is divided into three major sections which are referred to as
the input section, the calculation section and the output section. Since these names
are somewhat deceiving, the following summary is included to show the functional
blocks contained in the three major sections and to indicate the not so obvious tasks
performed by the input and output sections.

9.4.1 Input Section
5.4.1.1 Input Block

a. Data arrangement, e.g., setting up full matrices from input data.

b. Input unit conversion.
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5.4.1.2 General Initialization Block

5.4.2 Calculation Section

5.4.2.1 Two-body Nominal Block
5.4.2.2 Explicit State Transition Block
5.4.2.3 Two-body Actual Block
5.4.2.4 Guidance Block

5.4.2.5 Electromagnetic Sensors Block

5.4.2.6 Navigation Block

o
e
w

Output Section (BLOCK)

5.4.3.1 Coordinate Conversion
5.4.3.2 Output Computations; e. g., Eigenvalues and Eigenvectors

5.4.3.3 Output Unit Conversion

The deck arrangement parallels the division of the program into three major sections
insofar as there are three major links which are referred to as the input link, the cal-
culate link, and the output link. There are, however, several other smaller links
which are necessary to optimize the loading of the major links, thus reducing
execution time.

The program deck is divided into the following seven links:

MAIN LINK (0) This link contains the master control program that
calls the other links, and some utility programs that
remain in core for use by the three major links.

UTILITY LINK (1) This link contains several routines used by the
INPUT link and the CALCULATE link, but not by
the OUTPUT link.

INPUT LINK (2) This is the INPUT link that corresponds to the
input section.

5-4
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CALCULATE LINK (3) This is the CALCULATE link that corresponds to
.the calculate section, except for the desired version
of the Kalman filter needed by the NAVIGATION

‘\ll\nl’ nnr‘ lnnr‘oﬂ ne n annanatas Tinle
Uiln anls 10allh as a STparaire 1iikx.

KALMAN LINK (4) ' This link contains the standard Kalman filter used
if SQRTFG=0.

SQ.ROOT KALMAN LINK (5) This link contains the square root version of the
' Kalman filter used if SQRTFG#0.

OUTPUT LINK (6) This is the OUTPUT link that corresponds to the
output section.

The deck arrangement for a compilation and execution is as follows: (where the
$IBFTC cards represent the decks within the various links).

JUuL 22 1966 PAGE 001
$IBSYS : R e - —
$RESTORE

.%JoB : - FORTRAN.IV_IBSYS VERSION 13 .. ' e
$ID A C ELECTRONICS .

$* IF A FORTRAN PAUSE 1 OCCURS (APPEARS AS A PROGRAM.HALT.WITH.A.1..

% THE AC) MOUNT (EPHEMERIS) TAPE 2 ON UNIT A4

$EXECUTE IBJOB . e e : —
518408 MAPSF10CS

$FILE YUNITOL1'sUT1oUT1sLOWIBINSNOLIST »BLK=2563READY » lNOUIM_”W
SIBFTC 284 M9y

$I8FTC CHANGD M9o4
SIBFTC DATA Mo4 |
$IRFTC CROSSD M94 . o . e
SIRFTC PRODD Mo 4 MAIN LINK

$IBFTC UNITD M94 , , ' . SR
5IBFTC PMAG M9y

$IBFTC MLTMTD M9¢4 . e R
5IBFTC RADVCD M9s4

30RIGIN LOC1sCK2 . o . : I e e
$IBFTC RANDOM M94 _

"SIBFTC TRANGD. M94 A O e

$IBFTC F411Z Moy UTILITY LINK
FIBFTC SPINVW M9y
SORIGIN LOC2sCK?2

$IBFTC INPUTD M94 o L L
$IBFTC DLONG  M94

$IBFTC IMOVED M94  _InpuT LINK

$IBFTC DINPUT M94

SIBFTC FIXD M94
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$IBFTC LTERCK
$IRFTC INITZD
$IRFTC TNUNTD
SORIGIN
$IRFTC DOUTPT
51AFTC RPHIRD
$I2FTC PHID
5TRFTC RVIND
SIRAFTC NOMNL
$1RFTC STRANK
$IBFTC STRAND
$I3FTC ACTUAL
$I3FTC CUNICD
SIBFTC SINTAL
HIRFTC MTRAD
$IBFTC MINVD
$I3FTC KEPLRD
$1BFTC MMPYID
SIAFTC ROMATD
SIRFTC WEPHEA
FIAETC SETRVD
5IRFTC MSKAD
$IBFTC EPHEMD
$IRFTC EVRCFD
$I8FTC ELECTD
SIRFTC USTVGD
$IBFTC GRNTRD
5IRFTC HORIZD
SIRFTC SPSEXD
$TRETC OPTSRD
$13FTC ANGLED
SIRFTC TRAKND
5IRFTC ORSERD
$IRFTC QFD
$IRFTC DQFN
$IRFTC GIDNSD
$TRFTC TERCND
$IAFTC VECOSD
$SIRFTC MONESD
$TAFTC VELCRD
BIRFTC EXTESD
$IRFTC GIDLAD
5IRFTC 1CALC
$1U4FTC 1HAVA
SORTGIN
3IRFTC SAKALD
FORIGIN
FIRFTC KALMAD
SORIGIN
SIBFTC OUTPUT
BI°FTC FIGEND

5-6

94

Mo 4

Mo 4
LOC2sCK2
M9 4

194

M9 4

Mo 4

VoL

M9 4

Mo4 CALCULATE LINK
MO 4

Mou

M9 4

Mo 4

AT

E=FA

May

M9 4

494

Moy

LA

MO 4

MS 4

MOy

Moy

Moy

MG 4

MG 4

Mo 4

Mog

M4

MG

MG 4

Moy

M9 4

Moy

M4

ML

Moy

"/'1914

94

Mou

Moy
LOC3sCK2 .
M9 4 SQUARE ROOT KALMAN FILTER LINK
LOC3sCK2

M9 a4 " KALMAN FILTER LINK
LOC1sCK2 . .
M9 4

MG 4

U
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. " $IRFTC PRTMTD M94
$IBFTC UNISBD M94
$1aFTC PRINTD M94
SIRFTC ZTINTD M94
SIBFTC OTSUBD  ™M94
$I3FTC EIGVED M9s4
PIBFTC TOGAND M94
SIRFTC EXAUPD M94
$IRFTC ZETALD M94
SIRFTC CORCND M94
$IRFTC OTKAKD M9g
$IBFTC HFADLD M94
$IRFTC BTYSTD M9s
"$I8FTC GIDPTD M94
SIRFTC LNAPTD M9y
SIRFTC NAVPTD M94
$IBFTC UNICND 194
SIRFTC EMSPTD M94
$IRFTC MATCAD M94
$IRFTC PINPUT Mos4

OUTPUT link

SENTRY . 284 EOF mark (7-8 in column 1)
]
DATA CARDS
L EOF mark
$1B8SYS
. SENDFILE SYSPP1
$ENDFILE SYS0oUl

While it is necessary that the links maintain the order indicated, the decks within a
link may be reordered.

Once a binary deck is obtained from the compilation, each source deck may be
replaced with its corresponding binary deck for succeeding runs. If no source decks
are included in the deck, some loading time can be saved by using the NOSOURCE
option in the $IBJOB card.

5.5 ERROR EXITS

There are three types of errors that could occur during a run, each of which is
discussed below.

5.5.1 Input Card Errors

These are errors on the input cards that prevent the input routine from interpreting
the data on the card properly, and are usually the result of keypunching mistakes or
improperly prepared data.

Upon encountering an error of this type, the input routine prints the card in error
‘ followed by the comment "ERROR ON THE PRECEDING CARD. "
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After the output from any preceding cases has been printed, the job will be terminated
with the comments

ERROR IN INPUT
TERMINATE THIS JOB.

5.5.2 Errors Occurring During Calculation

These errors (except for IERRF=2) are caused by either:
1. The nonconvergence of an iterative procedure, or;

2. An attempt to invert a singular matrix.

When an error of this type occurs, all of the output requested for the current case is
printed and flow proceeds to the next (if any) case following the comments.

AN ERROR OCCURRED WHILE PROCESSING THE DATA AT TIME XX
THE ERROR CODE IS YY
PROCEED TO THE NEXT CASE.

Note that some or all of the data printed for time XX may be simply the values remaining
from the previous time point.

The possible error codes that could be printed in the above format are listed below.

ERROR CODE EXPLANATION

1 Solution of Kepler's equation did not converge.
2 Time out of range for ephemeris tape.
4 Triangularization error for a covariance matrix of noise for one

of the instruments.
HP HT + R could not be inverted in the Kalman filter.
Triangularization error in initialization for M(to).

Triangularization error in initialization for BlI

W OO =N O

Triangularization error in initialization for B21' '
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14

15

16

17

19

20

21

22

23

24

25

26

27

28

29

30

31

Triangularization error in initialization for B3I°

Triangularization error in initialization for B 4

Triangularization error in initialization for B12.

Triangularization error in initialization for B 99"

Triangularization error in initialization for B32.
RVFG#0 option did not converge.
Kepler equation did not converge for actual at tk.

Kepler equation did not converge for nominal at t

5

Kepler equation did not converge for nominal at t

N

Kepler equation did not converge for nominal at t

w

Kepler equation did not converge for nominal at t

s

Kepler equation did not converge for nominal at t

Kepler equation did not converge for nominal at t

ooy o

Kepler equation did not converge for nominal at t

Kepler equation did not converge for nominal at t

NS

Kepler equation did not converge for nominal at t

o

©

Kepler equation did not converge for nominal at t

L)

10

Kepler equation did not converge for nominal at tf

® o Was singular in Guidance law computation

GENERAL MOTORS CORPORATION QS/A%'Z)
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5.5.3 Abnormal Errors

Examples of error falling in this class are:

1. Overflow or too many underflows (if the system has a limiting number);

2. Time estimate is exceeded and the job is terminated by the system before
¢ completion;

3. Tape errors.

Type (1) errors are often the result of bad input quantities, and a study of the input
and any outputs obtained will sometimes reveal the cause of the error.

When an "abnormal™ error occurs, none or only part of the output placed on the
intermediate output tape (SYSUTZ2) may be printed when the job terminates.

If the output tape (SYSUT2) has been saved, it is possible to print what is on the output
tape by remounting the tape on SYSUT2 and executing the program 284P supplied.
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6.0 PROGRAMMER'S GUIDE: PROGRAM 284

6.1 INTRODUCTION

This paragraph contains supplementary information to that contained in paragraphs
3.0 and 5.0, COMPUTER PROGRAM DESCRIPTION and OPERATOR'S GUIDE, and
is intended for a programmer who has the task of maintaining and modifying the
program.

Its goal is threefold:

1) To indicate the correspondence between subroutines and sub-blocks
defined in paragraph 3.0;

2) To indicate the levels of calls to the various subroutines; and

3) To provide additional programming information for those sections of
the program that are not adequately described in paragraph 3. 0.

There is no attempt within this paragraph at completeness with regards to flow-
charts, since the flowcharts within paragraph 3.0, together with the FORTRAN listing,
provide adequate descriptions for the computational parts of the program.

Particular attention, however, is given to those sections of the program that are of
a control nature, especially the controling programs for the three major sections
of the program, INPUT, CALCULATE, and OUTPUT.

Finally, it should be noted that the subroutine names listed in paragraph 6.1.1 are
true subroutine names while those listed in paragraph 5.0 are deck names (different
but not so radically that the proper correspondences cannot be made).
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6.2 SUBROUTINE CONTROL CHARTS ‘

It is important to emphasize that this section contains charts showing only what major

subroutines are called by what subroutines, and that these charts are not intended to
show any logic.

In general, the only order that is indicated is that subroutines on the same level are
called in an order proceeding from left to right.

284

/ \
& Main Program /

v

INPUTC \ / CALCC \ / OoUTPUT  \ ®

Input Section Calculate Section Output Section
Control Program Control Program Control Program

6.2.1 Main Program (284) Subroutine Control Chart
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LNICNL

e

PRD\TL

/CORCNT\

[oRRRD

Unit Printout
‘ Conversions Of Input

Printout Coordinate
Contro] onversions,

Output

omputation?_ |

GIDPTL\

/ NAVPTL\

LNAPTL

. Guidance \ (.\'a\‘ig'ation Linear

v Output Output Output
|

Print

fExtrapolated/
Filtered
Estimate

i and

\ Statistics

EIGVER
! Error Notes
for Negative
Eizenvalues

Observation
Messayze
\ for Zeta
Flags of
\ Zero

EMS%TT_—\ [f“ﬁT%§TT_W

Electromagnetic
Sensor Qutput

ZTINTL
Print Data
Dependent on
Tracker and
Zeta Flags

Unit Conv. for

Estimate Vector
and Estimate
Error Matrix

A

Conic Break,
rajectory, State
Transition
Output

TOGANL
Compute
Total Gain

Ma

Compute
Eigenvectors

OTSUBL

Set Up
p Matrix
for OTKAKL

ete.

6.2.1.3 Output Section (OUTPUT) Subroutine Control Chart
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6.3 SUBROUTINE DESCRIPTIONS .
Routine Function
284 Main Control Program

This program is the master control program that calls the control
programs for the three major sections of the program (INPUT,
CALCULATE, and OUTPUT).

ACTUAL Actual Trajectory Block (III) Control Program

Controls functions outlined in Block III; computes actual position and
velocity at current time, X(tk).

ANGLES Horizon Sensor Angles Computations

Computes the three angles measured by the horizon sensor.

BTYSTL Subroutine to print conic break data and/or trajectory data and/or state
transition data.

CALCC Calculate Section Control Program

This program controls the functions performed in the calculate section
of the program. These functions include:

a) reading from the input tape, the input data for each case in both
input and internal units, and passing to the output section for output
purposes the input in the input units;

b) preventing an orbit rectification at the first observation time;
c) preventing a velocity correction until an observation has been made;

d) performing several initialization functions for each case as re-
quired by the trajectory (NOMINAL, STATE TRANSITION and
ACTUAL) blocks;

e) controlling the time advance

f) obtaining from the tables all the quantities needed for each time
point

g) calling the computational blocks I thru VI for each time point
except as follows:

i)  if there was an error in any block, skip the remaining blocks

iif) if there is a velocity correction skip the ELECTRO-
MAGNETIC SENSOR and NAVIGATION blocks;
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iii) at time of arrival, skip the ELECTROMAGNETIC SENS

and NAVIGATION blocks;
h) checking for conic transfers;
i)  checking for error returns from the computational blocks;

j)  passing the output for each time point to the output section via
tape, and;

k) returning control to the main program when all cases have been
processed.
Array Move Subroutine

Simply moves N elements from A to B.

Conic Transfer Control Program

This routine performs the necessary "bookkeeping™ when the vehicle
passes from one conic section to another, and aids in the task of
introducing an articial time at the conic break as required by the tra-
jectory (NOMINAL, ACTUAL and STATE TRANSITION) blocks.

Coordinate conversion subroutines
Cross Product Subroutine
Block Data Subprogram

Derivative of Quadratic Form

Computes the derivative of the quadratic form used in the optimum star
subroutine.

Electromagnetic Sensor Block (V) Control Program

This routine controls the functions of the electromagnetic sensor block,
which include:

a) determining if ephemeris data is needed at this time point, and if
so, obtaining it;

b) determining if the vehicle is visible to the trackers (if used) by
applying the visibility test. (Both the €p and eg tests are skipped if
the central body is the Earth, and the eg test is skipped if the
central body is the Sun.), and;

¢) calling the various instrument sections provided the appropriate
tests are satisfied.
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EMSPTL Subroutine to print electromagnetic sensors .
This routine reads data from the JPL ephemeris tapes; it has most of
the capabilities of the JPL subroutine EPHEM.
EPHEA Ephemeris Subroutine
This routine reads data from the JPL ephemeris tapes; it has most
of the capabilities of the JPL subroutine EPHEM.
EPHEM Ephemeris Linkage Subroutine
This routine is a linkage to the true ephemeris routine EPHEA. It was
written to have the same calling sequence as the JPL subroutine EPHEM.
EVRCF Everetts Coefficient Subroutine

Generates coefficients for Everett's equation used for interpolation
by the ephemeris routine EPHEA.

EXAUPL Subroutine that is used by GIDPTL to print extrapolated estimate and
statistics and that is used by NAVPTL to print filtered estimate and
statistics.
EXTESL Extrapolate Estimate and Statistics .

This routine performs the task of block IV. 1. It extrapolates from the
last point to the current point the statistics matrices M and P and the
estimate x.

F411 Double Precision Inversion Routine

EIGEN Subroutine that computes eigenvalues

EIGVER Subroutine to print errors notes for negative eigenvalues
FIX Fixed Point Conversion Routine

Because all input is read in as floating point numbers, this routine is
used to convert certain inputs to their required fixed point form.
GIDLAL Guidance Law Subroutine

Performs the computations of block IV. 3; calculates the A matrix and
also Cr.
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GIDNSL Guidance Block (IV) Control Pro

This routine controls the functions outlined in GUIDANCE block IV. It
decides if a velocity correction is to be made and if so calculates the

AV 1 V2 259 & Y

GIDPTL Subroutine to print guidance output.

GRNTRK Ground Tracking Control Section

Performs the tasks of blocks V.1 and V.2 if ground trackers are used;
computes tracker measurements for the nominal and actual trajectories,
the tracker observation matrices and the tracker covariance matrices.

HEADL Subroutine to print heading at the top of each page

HORIZG Horizon Sensor Control Section
Performs the task of block V.3. Computes for the horizon sensor:
a) measurements, and;

b) observation matrix.

IMOVE Input Data Preparation Subroutine

This subroutine performs several necessary functions on the input data,
such as:

a) calls subroutine FIX to convert some input quantities to fixed point
integers;

b) counts the number of entries in the input tables, and;
¢) moves some input from one area to another, including setting up
diagonal or symmetric matrices.
INITIAL State Transition for Each Conic

This routine performs the task outlined in Block II. 1, namely computing
the state transition matrix from the beginning to the end of each conic,
@(tg“'l, t(r)n). It is essentially an initialization task needed.
a) at the beginning of each case, and;

b) after an orbit rectification.

INITLZ General Initialization Subroutine

Performs case initialization for the various blocks as outlined in the
GENERAL INITIALIZATION Block B except for sub-blocks B. 3.1 and
B.5.2-B. 5.5 which are performed in LONG and TERCKL, respectively.
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INPTUL Subroutine to print input data for each case. .
INPUT Card Input Subroutine
INPUTC Input Section Control Program

This program controls the functions performed in the input section of
the program. These functions include:

a) zeroing out the input area at the state;

b) setting certain parameters to their standard values;

¢) reading the input data for each case;

d) converting certain input quantities to fixed integers;

e) moving all input to its proper place;

f) checking certain input flags for consistency;

g) converting necessary input to internal units;

h) calling the routines to perform general initialization (Block B);

i) passing via tape to the calculate section the input data for each case
in both the input units and the internal units;

j) checking for input or initialization errors, and;

k) returning control to the main program when all input has been read
in or when an error was detected.

INUNIT Input Units Conversion Subroutine

This routine converts certain angular input quantities from degrees to
radians, and performs input units conversion as outlined in
Section 3. 3. 1. 2.

KALMA Kalman Filter Subroutine

This routine performs the tasks outlined in Block VI. 2, the Kalman
filter. It obtains the best estimate of the state vector based on the
latest measurements and quantities extrapolated from the last time
point.

KEPLER Kepler Equation Solution

Performs functions of Block I. 3.

LNAPTL Subroutine to print linear approximation
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MASKA

MATCAL

MINV

MLTMTL

MMPYIN

MODESL

MTRA

NAVA

. NAVPTL
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Earth Tracker Longitudes Subroutine

This routine performs the functions of Section B. 3.1, namely;

a) compute Greenwich hour angle at T L» and;

b) Adjust tracker longitudes to their proper values relative to the
inertial reference system.

Mask Subroutine

This routine sets last MASK (an input quantity) bits of input quantities
equal to zero. It is used to simulate the use of a shorter-word length
in the computations.

Subroutine used by QTKAKL to find eigenvector, eigenvalue square
roots, volume and trace for a 3 by 3 matrix which is assumed to be
nearly symmetric.

Matrix Inversion by Rearrangement

Obtains the inverse of a state transition matrix by the rearrangement
method.

Matrix Multiplication Subroutine

Multiply Matrix by the Inverse of Another Matrix

Given two state transition matrices (7, 0) and &(T_1:0), this routine
obtains &(Ty, Tk-1) = &(Tk, 0) 8~1(T_1,0).

Modify Estimate Subroutine

Performs computation of block IV.6; if a velocity correction was made,
modify M, P, and X.

Matrix Transposition Subroutine

Navigation Block (VI) Control Program

This routine controls the functions of the navigation block, which include:
a) calculating measurements (including noise);

b) exercising the desired filter;

c) updating the estimate and P if there was a velocity correction or
there were no measurements made at this time point, and;

d) deciding if an orbit rectification is to be made.
Subroutine to print navigation output.
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OBSERV

OPTSR

OTKAKL

OTSUBL

OouTPUT

PHI

PRINTL
PROD
PRODM
PRTMTL

QF

RADVC
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Nominal Trajectory Block (I) Control Program

Controls functions outlined in Block I; computes nominal position and
velocity at current time, X*(t});

Space Sextant Observation Computation

Computes the unit vector from the vehicle to the body being sighted: the
distance to the sighted body, and the angle subtended by the body.
Optimum Star Subroutine

This routine computes the direction of an "ideal" star as outlined in
blocks V.4.6 and V.4.7, and if the input flag MINFG is greater than 1,
finds the "optimum™" star from the supplied catalog that satisfies a set
of specified constraints.

Subroutine to perform computation called for during output.

Subroutine that sets up the 6 by 6 submatrix P(TK) of the covariance of
errors in estimate matrix for use by subroutine ¢ TKAKL.

Control program for the output link (# 3) of program No. 284.

Compute Inplane State Transition Matrix ¢(%,0)

Performs the computations outlined in Block II. 1. 2 to obtain
(T, 0).

Subroutine to control printout.
Dot Product Function

Vector Magnitude Function
General matrix print subroutine

Quadratic Form Subroutine

Computes a quadratic form used in the optimum star subroutine.

Position or Velocity of a Planet

Obtains position or velocity of one planet with respect to another from an
array set up by subroutine SETRV containing position and velocity of the
planets with respect to the Sun.




RAND

ROMAT

RPHIRT

RVIN

SETRV

SPINV

SPSEXG

SQKALA
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Random Number Generator Function
Depending on an input flag K, generates
a) uniformly distributed numbers on (-1, +1), or

b) normally distributed numbers with mean zero and variance one.

Orbital Elements and Rotation Matrix

Performs functions of Block I. 2.

State Transition Matrix Transformation Subroutine

Given an inplane state transition matrix &(%, Tx-1) and the rotation
matrix R, this routine obtains the inertial state transition ®(ty, tk-1) =
R& (T, T_p RT.

Position and Velocity in Inertial System

Performs functions of Block I. 4.

Positions and Velocities of all Planets

This routine sets up the position and velocity of all planets and the
Moon with respect to the Sun in units of KMS and KMS/SEC or in other
units as specified by the Ephemeris unit conversion parameters. The
data set up by this routine will then be used by subroutine RADVC.
Matrix Inversion Linkage Subroutine

Simply provides linkage to a new inversion routine that replaces the old
SPINV inversion routine.

Space Sextant Control Section

Controls functions performed by the Space Sextant block V. 4; computes
for the space sextant:

a) nominal and actual measurements, and;

b) observation matrix.

Square Root Kalman Filter Subroutine

This routine performs the tasks outlined in Block VI. 3, the Square Root
Kalman filter.
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STRAN State Transition Block (II) Control Program .
Controls functions of Block II; computes three state transition matrices
at each time ty, ®(ty, tx_1), ¥(ty, ty) and &(t,, t)-

STRANS State Transition Matrix Computation Subroutine

This routine performs the major part of the computation leading to three
state transition matrices &(ty, tx-1), @(tk,to) and &(tp, ty).

TERCKL Terminal Constraints Matrix Computation
Computes terminal constraints matrix T as outlined in Sections
B.5.2-B. 5.5.

TERCNL Statistics of Terminal Constraints

This routine performs the computations in block IV.2. It computes the
Tg matrix and the square root of its diagonals.

TOGANL Subroutine to compute and set up the total gain matrix

TOUTPT Output Tape Write Subroutine

This routine does most of the writing of output quantities onto the output
tape. It writes any and all of the quantities that might be output for the
current time. In addition to this routine, the following routines write
on the output tape:

a) GIDNSL writes the extrapolated P matrix and state vector onto the
output tape, and;

b) CALCC writes the extrapolated P and state vector on the output
tape if there was an error return from the Nominal, Actual or
State Transition blocks simply to maintain a consistent tape format.

TRAKIN Ground Tracking Measurement Subroutine

Calculates the tracker measurements and certain quantities needed to
compute the observation matrix and the tracker covariance matrix.

TRANG Matrix Triangularization Subroutine

Given a matrix M, this routine finds matrices T and D such that
M =TDTT, where T is lower triangular and D is diagonal.

UNICNL Output unit conversion subroutine.
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UNISBL

VECOSL

VELCRL

ZETAL

ZTINTL

~ TTATIT ANT 4

Subroutine that is used by subroutine UNICNL to convert uni
linear estimate vector and covariance of error in estimate matrix.

Init Vector Subroutine

Unit Star Vector Computation

Given the location of a star in the star catalog, this routine computes
a unit vector to the star using the right ascension and declination listed
in the catalog.

Velocity Correction Statistics Subroutine

Performs the computations of block IV . 4; computes statistics that
determine if a velocity correction should be made.

Velocity Correction Subroutine

Performs the computations of block IV. 5; computes the velocity
correction if one is to be made.

Subroutine to print the "no observation. " message when zeta flags
are zero.

Subroutine that determines the printout of vectors and matrices which
depend on the tracker flag and the zeta flags.
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6.4 SUBROUTINE FLOW CHARTS
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. ENTRY
\ NPUTC
Zero out tae input
area

et certain
parameters to t..eir
normal initial value

GENERAL MOTORS CORPORATION %)

no

3
/ Write input on

input save tape (2)
in internal units

FIN
card read

et error flag zero
for this case

IERRF =0

ncrease case

counter

NCASE= NCASE +1
>

1/ NPUT
Read input for t.:is

' case

T Set POFG =0
Since unknown
initial state was

emoved

no

1st Case

@int Error Messag}
STOP

no

101

or input
error

yes

Rewind input save
tape (2)
9

Read an input case

from tiie input
save tape (2)

FIN
card or

/ IMOVE \

Fix certain input
quantities and move
same input

VN

6.4.1 INPUTC - Input Section Control Program
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Set up true double
precision Julian
Date

ERFG=0

when optimim
star is

< Sit TERFG = 1 >

]

Is
actual

traj = nominal
trajectory

)

Prevent velocity
corrections;
VeELFG=0
1

—_

Velocity
corrections

no

)

permitted S,
Preveant orbit
rectitications;

KPRA =0
yes il
/  mNrTLz  \
Perform most of
general
initialization

Groun
Trackers
used

yes

no

GENERAL MOTORS CORPORATION CS\/ABZ?

Write the input for
this case on the
input tape (3) in
input units

all
cases
processed or

yes

Initialization
Error

INUNIT

1\

\

Perform input )
units conversion

Write the input for
this case on the
input tape (3) In
internal units

[

LONG

—

Compute Green-
wich Hour Angle—\

e ust
longiﬁxdes

@

>
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) G6.4.2 IMOVE - Input Sectlion Preparation Su

number of input quantities are read into a scratch area (array T) and
ubroutine IMOVE to their proper storage locations.

A 'Fnirly larg

4a Ama =)

e
then moved by s
This procedure is used for two reasons:

1) to facilitate the desired option to input diagonal and symmetric matrices, and;

to handle additional input quantities that were not provided for in the original

2)
storage allocation and the call to the INPUT routine.

In the flow chart, the word "move" is used to refer to quantities corresponding to 2),
and the phrase "set up" is used with reference to quantities corresponding to 1).

The following table indicates the storage allocation for the temporary input array T:

o
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T (1) Heading
l
20
21 OUFG
22 OUL
23 OUT
2w o
25 oﬂf
26 o, 22
27 ong
28 owg
29 ong
30 o
31 .
32 .
33 0 5o
34 % 4o
35 o
36 0 s
37 O s
38 0 s
39 %
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40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

ag.
pnl
ovlml

ag.
oyl

.
pn2

(¢
In2

a.
p¥3

0.
pn3

Tym3

B4 (1, 1)
2,2)
(3,3)
(1,2)

(1,3)

(2,3)

v

11

22

33

44

2 B B2 B =B

55

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

=

66

=

12

=2

13

2

14

=

15

=

16

=

23

2

24

2

=

26

2

34

2

35

2

36

2

2 B

47

.

1L

1L

11
22

33




78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

2L

3L

1L

2L

3L

11

21

11

22

33

11

22

33

12

13

23

12

13

23

12

13

23

11

22

33

44

11

22

33

44

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

]
-t

1I

21

31

1I

21

31

11

22

33

44

12

13

14

12

13

14

12

13

14

23

24

34

23

24

34

23

24

34

123 t1
124 Riz
125 RS,
t2
322 v
323 tl
Rl
Ro
R
t2
|
522 i
523 o’
524 omn
525 tl
526 q11
527 q22
528 q3 3
529 q44
530 q55
531 q66
532 to
594 l
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ENTRY
IMOVE

/ FIX \
Convert necessary
input quantities to
fixed point (except
for tables)

Trackers
used

402 / Count the number
of entires in the
tracker table and

place in NGTTE

Horizon
sensor used

no

404 / Count horizon
sensor table entries

and place in
NHSTE

GENERAL MOTORS CORPORATION %)

Is
the
number of
time table entries
counter equal
to

no

Set NOBS = 1
to indicate that the
run is to be termi-
nated when the time
schedule is used up

zZero

N

Horlzo\
sensor or no

space sextant
used

yes

406 4/ Count space sex-
tant table entries

and place in HSSTE

L

409 /'set NOBS = 0 to
indicate that the
last time table entry
should be used (if
needed) until t, is

reached

408 / count tlme table
entries and place
in NTTE

of entires in the
Q table and place
in NQTE

N
100/ Fix items 1 and 3
for each entry in
the time table
W

200 / pix items 2 and 4 \
for each entry in

the space sextant /

500 / Count the number >

table

IMOVE - Input Data Preparation Subroutine
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301 Fix the star

numbers in tie
catalogue

Move 0, and O,
to proper places

)

PY P

Q table
input

yes

no

Wl
GENERAL MOTORS CORPORATION C&E\J

Zero out 1st
entry inQtable

400 Move Q table to
proper place

),

12 Move .ieading to
proper place

D,

Move output unit

conversion param-

eters to proper
places

Trackers
used

yes
30/ Zero out all
covariance matrice
Set up R

covariance matrices
for trackers

no Bias

included

yes
Set up B
covariance matrices
for trackers

y

20
<Zero out M matrix >
WV
(Set up M matrix >

IMOVE - Input Data Preparation Subroutine (contd)
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Horizon
Sensor
used

yes

Zero out By
matrix
N2

34 Zero out Horizon
Sensor table

91 (Set up Horlzon

33

Sensor table

Bias
included

€s
<§et up B, matrix >
[ 7\‘1 EXIT ,

IMOVE - Input Data Preparation Subroutine (contd)
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ENTRY
CALCC

101 Read in the input for a
case in input units from
the input tape (3)

v

Write the input for this
case in input units onto

the output tape (2)

All
cases
processed or
input
srror

Y
Read in the input for
this case in converted
internal units

NZ

Initialize for bookeepi

purposes the current

time TKL equal to t,
Y

yes

To prevent a velocity
correction until a meas-
urement has been made,
save the VELFG in
SVELFG, set VELFG=0
and set a flag ITPFG#0
to indicate that VELFG
has been saved

GENERAL MOTORS CORPORATION %)

[ W'

KPRA =0 and set a flag
IVFGS #0 to indicate that
KPRA has been saved

YV

Initialize some control
parameters needed for
NOMINAL, ACTUAL
and STATE TRANSITION,
blocks

Initialize controls for
table look ups by set~
ting =1 the counters that
indicate which row in
the table we are proces-
sing; also set NOT =0,
the counter for the num-
ber of observations mad
for the current entry in
the time table

To prevent an orbit
rectification at the first
observation time, save
KPRA in SKPRA, set

Was
there a
velocity correction
at the last time

point

yes

Modify actual time of
arrival tA-tA‘ + 5t a

6.4.3 CALCC - Calculate Section Control Program
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Set up next
observation time

333

Increase by one
the counter for the
number of observa-
tions made for the
current entry in the

time table

Was the
number of
entries in the
time table

input

used up all
of the observation
schedule

et termination
flag = 2 )

yes
last entry in the ‘

time table

of the time points
for the current

201 fset up ne\;c(t time by
incrementing the
last time by At in
current time table
entry

crement the coun-
ter to indicate the
current line being

rocessed

Have we
reached time of
arrival

yes

et the counter for
the number of obser-!
vations made for the
current entry in the
time table =

Set current obser-
vation time = ta
Set termination
flag = 1

Prevent velocity
correction at t, by
setting VELFG=0

CALCC - Calculate Section Control Program (contd)
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\;1
A

Reset the number of
observation times for the
current (last) time table
entry to the actual number
made

Trackers
used

Obtain Cij's from the
ground tracker table for
the current time, using tue

last entry if current time
is greater than last time

in the table

GENERAL MOTORS CORPORATION

i

<
4

%
N

Horizon Sensor

used

Obtain R4 from the Hori-

zon Sensor Table for the
current time, using the

last entry if current time
is greater than the last
time in the table

N

Horizon Sensor
or Space Sextant

Obtain information from
the space sextant table

for current time, using
the last entry if current
time is greater than last

time in the table

Is current
time greater than
last time entry

A4
<SetQ=0 >
no

304 Obtain proper Q
from tne table
7

Set conic transfer flag
PCBRFG = 0

\2
Set procedure flag

PROFG = 1 to indicate

this as normal observa-
tion time point

yes

CALCC - Calculate Section Control Program (contd)
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Is next
observation on
a different

yes
8030 /save true observa
tion time i m TKSAV

<< >> Set up artlﬁcial
Set TKSAV 0 time at the conic

break

Set up time
increment from Set up time
last observation increment since last

observation time

8040 /' NOMINAL  \

Obtain nominal posi-
tion and velocity

Was there
an error

/ ACTUAL  \

Obtain actual posi-
tion and velocity

Was there
an error

CALCC - Calculate Section Control Program (contd)
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RN

b
STRAN \

Obtain state
transition matrices

Was

yes

there an
error

5556

Save current obser-
vation time in
TKSAVE

an artificia yes

8

5555 To maintain consis~
tent tape format
write a dummy P and

X on tiue output tape

/ CONICT \

time introduced
at a conic
break

no

/ ___cIDNSL
\Guidance Block

~ 7

Was
tiiere an
error

yes

(o)

X Set up conic transfer
data for output

N

Reset controls to
calculate data at
true observation

time saved in TKSAYV,

Set PROFG =4

to indicate to STATE
TRANSITION block
tihat tue last true
observation time was
on anotier conic

CALCC - Calculate Section Control Program (contd)
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SN

Wwas this
an orbit

rectification exit
from the
Guidance

8000

1002
<;'Iake ) smmetrig}

Are we
finished with
tnis case yes
(TERMFG # 0)
or was there
a velocity

correc- Set the Zetas equal
tion to zero

no
556/  ELECTG __ \

QElectrom agnetic
Sensor Block

Was there
an error

No (Set error flag - >

CALCC - Calculate Section Control Program (contd)
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N

77N\
&)
7

/ NAVA AN
@avigation Block /

Was
there an
error

rectification

to be per-
formed

yes

5/  TOUTPT \
/" To write data for  \

this point onto the
output tape (2)

this the first
observation
time

yes

Restore KPRA §0
as to permit orbit
rectificatl.ons

Zero out the flag
indicating KPRA

had been saved

no

CALCC - Calculate Section Control Program (contd)
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Was
VELFG
set = 0 to
prevent velocity
correc-
tion

yes

measure-
ment made at yes
tie last time N
no
point <<Restore VELFG >
\/

o Zero out the flag
indicating VELFG
inad been saved

Terminate this K
case, get next
one

102 Was
yes there an
error at this
yes finisihed with no

this case

CALCC - Calculate Section Control Program (contd)

6-42




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %)

(START

Zero Velocity

Correction Counter

Print
Error
Message

Print
Message

Cases
Processed

No

\_

Read Initial Conditions
and Times for CONIC

and Convert
to Input Units

Print
Error
Message

/ INPUTL \
Print 3

Input
Data

Initialize
Print Control

a Standard
Print
Point

[Yes

Read in Data

for the Next
Time Point

6.4.4 OUTPUT - Output Section Control Program
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9000

Set
"No Print"
Flag

/ CORCNL\

Coordinate
Conversion Convert
/ Coordinates
No
15

Conversion

16

ime
é)int to be
Printed

Print
Output for
this Time

OUTPUT - Output Section Control Program (contd)
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Flag

TN,
(-

Update
Print Control

LITOT

at This Time

Yes

GENERAL MOTORS CORPORATION \%>

N

12
/8N

Point

Velocity
Correction at This

Yes

Save Velocity
Correction For

Time

Later Output

6667 Has
Observation
Neither Schetlule Been 0.s8.
Completed or Has Completed
Time of Arrival
Been Reached

TA Reached

53

Print
"TA Reached"
Comment

Print
"Observation Schedule
Completed"
Message

J Print
Error
ﬁ\ Message

There any
Velocity Correc-
tions to be
printed ?

6666

Output
Velocity
Corrections

OUTPUT - Output Section Control Program (contd)
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8et Up

Unit Conversion

CORRFG #0
or
RECTFG=0

Conv. for Conic
Break, Trajectory,
State Transition

@ ¥0 Yes
>—>

or
RECTFG =0

No

Convert T Matrix
and Square Roots of Tg
Matrix Dmgonal
1 ©,
page 2
Convert T Matrix
and Square Roots of T TERFG
Matrix Dtngonnl

Convert
Mty
Velocity
Correction Statistics
and Velocity Cor.

6.4.4.1 TUNICNL - Subroutine
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page 1 =0
¥0
A\
Convert Matrix M(t,) with Its Aesociuted
Eigenvectors, Eigenvalue Square Roots,
\ Volumes and Traces
/ UNISBL

Convert Extrapolated Estimate and Statistics
along with Eigenvectors, Eigenvalue Square
Roots, Volumes and Traces for Matrix P(t)

00
22 EMS page 1
Conversions
<2

300
22 Navigation
Conversion
<2

Linear

Approximation
Conversions

UNICNL - Subroutine (contd)
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EMS Input

Print Control Flags
for EMB: BSFG, 88PG,
HSFG, TRFG, MINFG,
NOSTAR, ACC, DELTA

ALPHA, n, ¢, ¢

Navigation Title
with Flags: POFG
SQRTFG, MASK, K(P)R,

K
‘V’R'lm SIGM page 2

B@O, B#)O,
B@MOL

6.4.4.2 INPUTL - Subroutine
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Bl I for
2nd Tracker

352 :
21 By L for
TRFG 1st Tracker
‘356
Bias
Noise

INPUTL - Subroutine (contd)
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#0
®

CORRFG = 0
Y
and >——g
RECTFA =0

PTBKFG =4,
P@PTFG
= PGIDFG

GIDPTL
Print Guid-
ance Infor-
mation

6
PTBKFG =5,
P@PTFG

= PEMSFG

Print EMS
Information

6.4.4.3 PRINTL - Subroutine
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Break and/or
Trajectory and /oy
State Transitiog
Information

Preset:
PTBKFG= 0
POPTFG=0
Yes and
PTBKFG¥ 4
and
BKFG¥ 5

\ Information/

200 400
P@PTFG# 0
No / or Print Navi-
CORRFG # 0 gation
or Information
RECTFA # 0
Yes
GIDPTL

Print
Guidance
Informstion

PRINTL - Subroutine (contd)

6-51



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %) .
N

Convert
State
Vectors

Save Internal
Coordinates for
State Vectors

Conve:t M(t ) and

Extrapolated Estimate

and Statis_tlcs ~

P ), x ()
T

Convert
Filtered Estimate
and Statistics

&

6.4.4.4 CORCNL - Subroutine
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Compute Square Roots
of Tg Matrix Diagonal and
Eigenvectors, Eigenvalue
Square Roots, Volumes,
and Traces for Extrapolated
Bt.\atlatics and Matrix M(tk)

22

A1 ¥y’ .
Compute | A¥(ty)| and
Eigenvectors, etc. for,

Vi), DtY, Ny

Compute

jave |

RECTFA

OUT NPRTFG

¥o

Compute Ephemeris
Vectors and Their
Magnitudes

6.4.4.5 OTKAKL - Subroutine
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Compute y(t,). x(tk).
in both Internal and Externa
Coordinates, Compute x(

Fo

/ OTSUBL MATCAL \

Compute Eigenvectors, Eigenvalue
Square Roots, Volumes and
Traces for the Filtered Statistics

Compute
Total Gain
Matrix

3{OUT,

OTKAKL - Subroutine (contd)
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N

PN
NPRTFG= (
@

0

page 2

20

Terminal
Constraints Title

<2

IDFG Print

Matrix

>2

Print Square Roots
of Tg Matrix Diag-
onal

Law Matrix

page 2

6.4.4.6 GIDPTL - Subroutine
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114 ¥o Velocity Print Ry and the Volumes
VELFG Cor. Stat. and Traces of Matrices Vi),
Title Deyy), N(y)
=0
=1
PGIDFG
1
119

Eigenvectors and
Efgenvolume Square
Roots for Matrices
Vit ), Dt

Velocity
Correction
Title

=0

133

- Orbit
Rectification
Title

GIDPTL - Subroutine (contd)
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/-\ \/ Preset \140
C PATL, NTITL
N’ \Mor EXAUPL/
page 2 \T/

GIDFG=0 \ Yes

or =
NPRTFG =0
No
/ EXAUPL \
Print
11
A(tk)
Compute
P, =
INCRARINCRR)
1
\
/[ EXAUPL \
Print P (tk), malt),
According to ﬁIMFGN‘ a][(ong with
Eigenvectors, Eigenvalue Square
Roots, Volumes and Traces
Associated with P(tk)
147
<4 / PRTMTL \
Print
Zz 4
/I
Print Eigenvectors, \
Eigenvalue Square Roots, Volumes OouT
and Traces for M(tk) /

GIDPTL - Subroutine (contd)
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/ HEADL \
~

Print
Heading

#0

.

Message

100
(/ . etai12,>>

N Print
X)), X(ty) \Na" D
A
Nav. Detail 1
W = Measurements Total Error in
N1 =13 Gain Matrix Estimate
N2 = 17
N3 =19
‘L 21 =3 otu:
Nav. Detail .1 PNAVFG Deviation
W = Noise
N1 =24
N2 =27 Nav. Detail 2
N3 =29 W = Gain Matrices
[ N1 = 150
l< N2 =48
N3 = 155
32 <1
Nay. Detail .1 47
W = Observations >1
N1 = 38
N2 =42
N3 =44

6.4.4.7 NAVPTL - Subroutine




AC ELECTRONICS DIVISION

No Obser-
vation
Messa

Horizon
Sensor

No Obser-
vation
Messape

N3
W for

S

GENERAL MOTORS CORPORATION %’)

Space Sextant

NAVPTL - Navigation Detail 1
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100

Preset
PAFL,
NTITL

/ EXAUPL \

PNAVflG:l Yes e
an il (t)
SQRTFG#0 AYk
No
Compute #0
Pt = T SQRTFG
I, () * T )
=0
\
/ EXAUPL \

Print Py (), X A(ty) according to
DIMFGN, along with Eigenvectors, Eigenvalue

Square Roots, Volumes, and Traces
Associated with Matrix P(tk)

NAVPTL - Navigation Detail 2
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EMSPTL

VOO
A

Al

HEADL \
Print
Heading

Print
Zetas and
Body Flag

NPRTFG =0

or
PEMSFG =0

or page 4
C@RRFG 7 0

page 2

No Observation
Message for
EMS Block

6.4.4.8 EMSPTL ~ Subroutine

6-61



AC ELLECTRONICS DIVISION GENERAL MOTORS CORPORATION <%7>
A

Ephemeris
Information

Tracker
Gen.
Information

Observation
Matrices

He)

Obeervation
Matrices
EB(tk)

EMSPTL - Subroutine (contd)
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/ ZETAL \

No Observation
Message for
orizon Sensor

Horizon
Sensor

and Actual
\Measurements
#2
Instrument
Covariances

Observation\
Matrix
H(tk) /

page 4

EMPSTL - Subroutine (contd)
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pages 1 and 3

No Observation
Message for
Space Sextant /

NPRTFG = 0
PEMSFG = 0 Yes
or
CORRFG =0

Observation
Vector (Nomina
and Actual)

Print Aa,
R,(ty), S),
i
H(tk)tk

EN

EMSPTL - Subroutine (contd)
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Orbital
Elements

Conic Break

Actual Trajectory
Data

Print
Orbital
Elements

Print
Nominal Trajectory

page 2
Data

6.4.4.9 BTYSTL - Subroutine
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PRTMTL

PRTMTL

L ouT

BTYSTL - Subroutine (contd)
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200

EX DETAIL
Print XHQ Vector
Depending on
DIMFGN

Print
Statistics
Heading

EX DETAIL
Print PQ Matrix

Depending on
DIMFGN

300

/ Print the Eigenvectors, Eigenvalue Square Roots,
@: Volumes, and Traces that are Associated

\ with Matrix PQ

6.4.4.10 EXAUPL - Subroutine
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Print
XHQo or PQO.

Set n2 =6,
n3 =0

100 for XHQ
261 for PQ

Yes

Print
HQ4 or PQ 4
Set n3 =3

120 for XHQ
265 for PQ

Print
XHQl or PQl
Set n2 =13

200 for XHQ
300 for PQ

Print
HQ2 or PQ2
Set n2 = 20

Print
HQq or PQ3
Set n2 = 27

EXAUPL - Ex. Detail
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20
>3
Q5 &
< 3
(TRFG =1
e
No
Observation
Message
Vector
Format
=

6.4.4.11 ZTINTL - Subroutine
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Preset Column Counters

KLQ) = I
where 1= 1,7 >@
K1 = KL(1)

Elements for
these Column
Numbers

Reset Column Counters
K@) = KL(1) + 7

K1 = KL(1)

K = KL({)

6.4.4.12 PRTMTL - Subroutine
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Input Flag Page
Count

Main Heading with Main Heading
Page No., Case, Time, with Page No.
Central Body and and Case

COORDFG

Transition

Navigation

6.4.4.13 HEADL - Subroutine
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APPENDIX A

PROGRAM LISTING, PROGRAM 284
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The program listing is supplied with the program decks.
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